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I. INTRODUCTION - 

T h i s  r e p o r t  summarizes t h e  results of a program conducted a t  
Ar thu r  D. L i t t l e ,  I i ic . ,  and sponsored by t h e  Jet  P ropu l s ion  Labora tory  
t o  develop a technique  f o r  measuring t h e  r e f l e c t a n c e s  of carbonaceous 
c h a r s  a t  room t e m p e r a t u r e  and a t  e l eva ted  tempera tures .  The u l t i m a t e  
o b j e c t i v e  i s  t o  develop a way of p r e d i c t i n g  t h e  behavior  of such materials, 
p a r t i c u l a r l y  t h e i r  r a d i a n t  h e a t  abso rp t ion  and r e r a d i a t i o n ,  i n  t h e  
a tmospher ic  e n t r y  s i t u a t i o n .  I n  t h i s  program t h e  problem w a s  reduced t o  
c o n s i d e r a t i o n  of r e f  l e c t a n c e s  of precharred samples i n  a q u i e s c e n t  argon 
atmosphere. 

Measurements were made a t  fou r  wavelengths--0.2,  0.4 ,  0.65, 
and 1.0 micron--and a t  two temperatures--room tempera ture  and 2200°F, t h e  
h i g h e s t  t e m p e r a t u r e  a t  which w e  were a b l e  t o  make s a t i s f a c t o r y  measurements. 

At e n t r y  an  a b l a t o r  r ece ives  a s i g n i f i c a n t  amount of  gas-cap 
r a d i a t i o n  a t  nea r -g l anc ing  ang le s .  The re fo re ,  t h e  d i r e c t i o n a l  r e f l e c t a n c e  
of  t h e s e  materials i s  of g r e a t  i n t e r e s t ,  p a r t i c u l a r l y  a t  t h e s e  nea r -  
g l a n c i n g  ang le s ;  and t h e  appa ra tus  i s  designed t o  test f o r  a n g u l a r  s e n s i -  
t i v i t y .  Measurements were made a t  fou r  ( i n c i d e n t )  angles :  as near  normal 
as o u r  appa ra tus  would a l low ( 3 3 O  from t h e  p o l e ) ,  as n e a r  g l anc ing  as ou r  
a p p a r a t u s  would a l low (72O from t h e  po le ) ,  and a t  two i n t e r m e d i a t e  ang le s  
(45O and 60'). 

Ref lec t ances  are measured by a three-d imens iona l  goniometr ic  
technique .  
i n  s p h e r i c a l  c o o r d i n a t e s  about a sample a t  t h e  o r i g i n .  
i n g s  are t aken  by s t epp ing  through a number of f i x e d  ang le s  around t h e  
sampIe, and r e f l e c t a n c e  i s  determined from the sum of the sequence of 
r ead ings .  Both t h e  i n c i d e n t  and r e f l e c t e d  r a d i a t i o n  are measured i n  t h e  
same way, s o  t h a t  t h e  method i s  abso lu te  and r e q u i r e s  no r e f l e c t a n c e  
s t anda rd .  

Both t h e  sou rce  and t h e  d e t e c t o r  can  be r o t a t e d  independent ly  
S e q u e n t i a l  read- 

An advantage of t h e  method i s  t h a t  t h e  e r r o r s  are w e l l  known 
and can  be r e a d i l y  e s t ima ted .  A d i sadvantage  i s  t h a t  a h o t  r e f l e c t a n c e  
d e t e r m i n a t i o n  t a k e s  ove r  an hour,  dur ing  which t i m e  t h e  c o n d i t i o n  (and 
r e f l e c t a n c e )  of a sample may change. 

S e c t i o n  I1 of  t h i s  r e p o r t  d e s c r i b e s  t h e  Method, S e c t i o n  I11 
t h e  R e s u l t s .  F u r t h e r  d e t a i l s  and equat ions  are g iven  i n  t h e  Appendices. 

- 1- 
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11. METHOD 

A. PRINCIPLE OF MEASUREMENT 

The q u a n t i t y  measured i s  d i r e c t i o n a l  s p e c t r a l  r e f l e c t a n c e  ( R v )  ) 
t h e  r a t i o  of r a d i a t i o n  a t  one wavelength r e f l e c t e d  from a f l a t  sample 
i n t o  a sur rounding  hemisphere t o  r a d i a t i o n  a t  t h e  same wavelength i n c i d e n t  
o n t o  t h e  sample i n  a narrow beam. 
r i g o r o u s l y  t o  de te rmine  corresponding v a l u e s  of d i r e c t i o n a l  s p e c t r a l  
absorp tance  and d i r e c t i o n a l  s p e c t r a l  emi t t ance .  

T h i s  r e f l e c t a n c e  ( R J I ~  ) may be  used 

R b a  was measured by s e q u e n t i a l  c o l l e c t i o n  of r e f l e c t e d  r a d i a -  
t i o n ;  i n  t h i s  technique  a d e t e c t o r  i s  moved through a success ion  of 
l o c a t i o n s  over  t h e  hemisphere surrounding t h e  sample  (F igu re  1) and t h e  
r ead ings  a r e  s u m e d .  The s t r e n g t h  of t h e  i n c i d e n t  r a d i a t i o n  beam i s  
measured by aiming t h e  source  beam d i r e c t l y  i n t o  t h e  d e t e c t o r .  Re f l ec t ance  
i s  c a l c u l a t e d  as t h e  r a t i o  of t h e  sum o f  t h e  r e f l e c t e d  r ead ings  t o  t h e  
s i n g l e  i n c i d e n t  reading .  The sample may be a t  room tempera ture  o r  may be 
hea ted  wh i l e  i t s  r e f l e c t a n c e  i s  being measured. The method i s  a b s o l u t e  
and r e q u i r e s  no s t anda rd  r e f l e c t a n c e .  F u r t h e r  d i s c u s s i o n  i s  inc luded  
i n  Appendix B ("Method of Measurement") and Appendix D ( "Calcula t ion  of 
Reflectance").  

B. APPARATUS 

For  s i m p l i c i t y  of i l l u s t r a t i o n ,  F i g u r e  1 shows t h e  sample and 
hemisphe r i ca l  c o o r d i n a t e  system around i t  f i x e d ,  wh i l e  t h e  d e t e c t o r  i s  
made t o  move over  t h e  coord ina te  hemisphere. I n  an a c t u a l  a p p a r a t u s ,  i t  
i s  more p r a c t i c a l  t o  do t h e  r e v e r s e - - i . e . ,  t o  f i x  t h e  p o s i t i o n  of t h e  
d e t e c t o r  (wi th  r e s p e c t  t o  the  l a b o r a t o r y  bench) and t o  r o t a t e  t h e  
sample, i n c i d e n t  beam, and coord ina te  system. The r e s u l t  i s  unchanged, 
though t h e  angu la r  r e l a t i o n s h i p s  a r e  n o t  q u i t e  a s  easy  t o  v i s u a l i z e  by 
looking  a t  t h e  appa ra tus .  

A schematic diagram of t h e  o p t i c a l  system i s  shown i n  F igu re  2. 
The equipment w a s  designed so  t h a t  t h e  source  could be locked a t  a f ixed  
i n c i d e n t  a n g l e ,  J: , w i t h  r e s p e c t  t o  t h e  sample and t h e  combination of  
s o u r c e  and sample r o t a t e d  w i t h  t h e  sample a t  the o r i g i n .  The source  and 
c o l l e c t i o n  o p t i c s  were loca ted  a t  a r a d i u s  of approximately 10 inches .  

I n c i d e n t  r a d i a t i o n  was focused i n t o  a s p o t  smaller than  t h e  
1 /2 - inch  d i ame te r  sample, and t h e  beam w a s  cen te red  on t h e  sample so t h a t  
n e g l i g i b l e  r a d i a t i o n  w a s  l o s t  o r  r e f l e c t e d  o f f  o t h e r  material such as t h e  
sample h o l d e r .  
Wi th in  t h i s  c o n s t r a i n t ,  t h e  inc iden t  image w a s  broadened by de focus ing  as 
much as p o s s i b l e  t o  o b t a i n  s t a t i s t i c a l  smoothing w i t h  regard  t o  sample  
po re  s t r u c t u r e .  

V i r t u a l l y  a l l  o f  the i n c i d e n t  r a d i a t i o n  f e l l  on t h e  sample.  

-3 - 
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Radia t ion  r e f l e c t e d  from t h e  sample was c o l l e c t e d  through a 
l a r g e ,  square a p e r t u r e  followed by a f r o n t - s u r f a c e d  o p t i c a l  and d i f f u s e r  
system, which was designed t o  c o l l e c t  a l l  of t h e  r a d i a t i o n  coming through 
t h e  a p e r t u r e  w i t h  a minimum of spu r ious  a n g u l a r  o r  s p a t i a l  s e n s i t i v i t y .  
The r a d i a t i o n  then passed through a s ingle-band i n t e r f e r e n c e  f i l t e r  t o  a 
pho tomul t ip l i e r .  

A f u n c t i o n a l  block diagram of t h e  equipment i s  shown i n  
F igure  3 .  The r e f l e c t a n c e  measuring system u s e s  chopped r a d i a t i o n  t o  
provide d i s c r i m i n a t i o n  a g a i n s t  s e l f - r a d i a n t  emiss ion  by t h e  sample when 
i t  i s  h o t .  The i n c i d e n t  beam was chopped a t  150 c y c l e s  p e r  second and 
t h e  chopped r a d i a t i o n  d e t e c t e d  by a p h o t o m u l t i p l i e r  w i t h  a m p l i f i e r s  
arranged t o  d i s c r i m i n a t e  a g a i n s t  a l l  b u t  t h e  chopping frequency.  

S ince  t h e  samples were hea ted  by rad io- f requency  i n d u c t i o n ,  
t h e y  had t o  be e l e c t r i c a l l y  conduct ive .  Not a l l  o f  our  o r i g i n a l  samples 
were conduct ive ,  even though cha r red ;  some had t o  be made conduct ive  by 
hea t ing  f o r  one hour a t  2SOO0C, a p rocess  c a r r i e d  o u t  a t  J P L .  

The s a m p l e  can be surrounded by argon a t  one atmosphere by 
enc los ing  i t  i n  a mylar bag, which i s  then  f i l l e d  w i t h  t h e  g a s  and 
co l l apsed  a number of t i m e s  t o  remove contaminants  w i t h  a minimum of  g a s  
wastage. The s a m p l e  can be handled and ad jus tments  made through g loves  
i n  the  bag. 

F igu re  4 shows t h r e e  views of t h e  a c t u a l  appa ra tus .  

C. MEASUREMENT PROCEDURE 

The o p t i c a l  abso rp t ion  of a i r  was found t o  be i n d i s t i n g u i s h a b l e  
from the  abso rp t ion  by argon a t  0 . 4 ,  0.65, and 1.0 micron. However, a i r  
d i d  absorb a t  0 .2  micron (ozone i s  gene ra t ed ) .  At t h i s  wavelength even 
a moderately pure  argon atmosphere was s u f f i c i e n t  t o  reduce UV a b s o r p t i o n  
t o  a n e g l i g i b l e  l e v e l .  

Cold samples a t  b lue ,  r ed ,  and I R  were u s u a l l y  measured i n  a i r ,  
co ld  samples a t  W i n  moderate p u r i t y  a rgon ,  and hot  samples a t  a l l  wave- 
l eng ths  i n  t h e  h i g h e s t  p u r i t y  argon.  

To provide  an  argon atmosphere,  t h e  mylar bag w a s  c o l l a p s e d  and 
f i l l e d  two complete c y c l e s  f o r  c o l d  UV measurements and f o u r  complete 
c y c l e s  f o r  h o t  s a m p l e  measurements. 

F i r s t  t h e  sample w a s  mounted. Then i t  was swung away, the 
inc iden t  beam was aimed i n t o  the  c o l l e c t i n g  a p e r t u r e ,  and a reading  w a s  
t aken .  The sample w a s  swung back i n  p o s i t i o n  and locked ,  and 22 s e p a r a t e  
r e f l e c t e d  readings  were taken ,  each  a t  a d i f f e r e n t  angu la r  p o s i t i o n  on 
t h e  coord ina te  hemisphere.  The las t  s t e p  w a s  a second i n c i d e n t  r ead ing  
a t  t h e  end of t h e  run.  

-6 - 
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I '  

For hot-sample r e f l e c t a n c e ,  t h e  r f  h e a t e r  w a s  tu rned  up smoothly 
in about one minute t o  a power s e t t i n g  which u s u a l l y  could be l e f t  f i xed  
through t h e  run. The b r i g h t n e s s  temperature of t h e  sample w a s  read w i t h  
a manually opera ted  o p t i c a l  pyrometer t h r e e  o r  more t i m e s  du r ing  a run. 
Otherwise,  t h e  measuring procedure was t h e  same as f o r  c o l d  runs .  

Two men opera ted  t h e  equipment. One set a n g l e s  read from a 
t a b l e ,  and f o r  h igh  tempera ture  opera ted  t h e  r f  u n i t  and read sample 
tempera tures .  The o t h e r  man took readings  by s e t t i n g  a He l ipo t  t o  any 
convenient va lue  t h a t  brought  t h e  output  vo l tme te r  r ead ing  w i t h i n  5 20% 
of  a customary o p e r a t i n g  l e v e l  and then r eco rd ing  t h e  He l ipo t  s e t t i n g ,  
t h e  vo l tme te r  r ead ing ,  and t h e  c o l l e c t i o n  ang le s .  (A t y p i c a l  d a t a  s h e e t  
i s  shown i n  Appendix D.) A s i n g l e  r e f l e c t a n c e  measurement, o r  run, 
u s u a l l y  took 20 minutes f o r  a co ld  sample and one hour f o r  a hot  sample. 

Re f l ec t ances  were computed from t h e  d a t a  s h e e t s  on a DEC PDPI 
computer loca ted  i n  a nearby f i r m  (Bolt Beranek and Newman, I n c . )  v i a  
t e l e t y p e .  The computing s t e p s  were a s  follows: 

1. Obta in  t r u e  r ead ings  from t h e  v o l t m e t e r  r ead ings  and 
He l ipo t  s e t t i n g s  f o r  each of t h e  22 a n g u l a r  p o s i t i o n s  
and t h e  2 i n c i d e n t  readings .  

2.  Carry ou t  a n  e x t r a p o l a t i o n .  

3. Perform a summation. 

4. Compute the r e f l e c t a n c e .  

D. PERFORMANCE AND ERRORS 

Values such as r e f l e c t a n c e  o r  wavelength are expressed  i n  
dec imal  numbers; e r r o r s  and d i f f e r e n c e s  are expressed  as pe rcen tages .  

The p r e s e n t  equipment measures d i r e c t i o n a l  s p e c t r a l  r e f l e c t a n c e  
of  a f l a t  sample a t  a temperature T ,  as s t a t e d  below. P o s s i b l e  (R$ 1. T) 

ex  e n s i o n s  of t h e  performance are d iscussed  under "Recommendations" i n  
S e c t i o n  I V .  

1. Angle$ 

Measurements can be made a t  any a n g l e  li[ between t h e  l i m i t s  of 
33' and 7 2 O  (from t h e  normal t o  the  sample) and w i t h  a m a x i m u m  e r r o r  of  
+ 1/2'. This  e r r o r  i n  ang le  causes n e g l i g i b l e  e r r o r  i n  t h e  measurements. - 

2. Wavelength 

The measurement wavelengths are a s  follows: 

-9- 



uv : 0.20 micron 124% bandwidth 
B l u e :  0.40 micron 45% bandwidth 
Red: 0.65 micron 3!& bandwidth 
I R: 1.00 micron 2vk bandwidth 

The maximum u n c e r t a i n t y  i n  t h e  c e n t r a l  wavelength i s  + 1/2%. 
i n  wavelength causes  n e g l i g i b l e  e r r o r  i n  t h e  measurements. 
mission a t  o t h e r  t han  t h e  c e n t r a l  wavelength w a s  n e g l i g i b l e .  
wavelengths were set  by i n t e r f e r e n c e  f i l t e r s  purchased commercially.  

Th i s  e r r o r  

The c e n t r a l  
The t r a n s -  

3 .  Temperature 

The tempera ture  range w i t h i n  which s a t i s f a c t o r y  r e f l e c t a n c e  
measurements can be made depends on t h e  r e f l e c t a n c e  o f  t h e  sample and on 
wavelength. For a c h a r  t h e  range i s  as  fo l lows  (average  cha r  tempera ture) :  

UV: room temperature  t o  1 5 7 5 O C  (2865’F) 
Blue: room tempera ture  t o  1285;C (2345EF) 
Red: room temperature  t o  1230 C (2245 F) 
I R :  room temperature  t o  l l O O ° C  (2010’F) 

For the sake of un i fo rmi ty  of d a t a ,  measurements were not made a t  a l l  
f o u r  upper tempera ture  l i m i t s ,  bu t  a t  a lower compromise tempera ture  
corresponding t o  t h e  red  l i m i t  (see S e c t i o n  111). 

The c e n t e r  of t h e  cha r  w a s  c o o l e r  t h a n  t h e  edge by a n  average  
The 55OC (lOOoP), w i t h  cons ide rab le  v a r i a b i l i t y  from sample t o  sample. 

“average cha r  temperature” i s  t h e  numerical  average  of c e n t e r  and edge 
temperature .  The s t anda rd  d e v i a t i o n  of a series of  c e n t e r  r ead ings  on one 
cha r  dur ing  a run  w a s  2OoC (35’F); t h i s  w a s  due t o  v a r i a t i o n s  of eye  
averaging  of t h e  rad iancy ,  on a microscopic  scale ,  of t h e  pore  s t r u c t u r e  
of t h e  sample. There appeared t o  be no r ecogn izab le  cons t an t  i n c r e a s e  o r  
decrease  of cha r  b r i g h t n e s s  tempera ture  du r ing  a run .  
was h o t t e r  than  t h e  edge of t h e  cha r  sample by an  average  d i f f e r e n c e  of 
25OoC (450’F). 
readings ( f o r  example , on a cons t an t - t empera tu re  blackbody) t o  be  
5 O C  ( 1O0F). 

The g r a p h i t e  h o l d e r  

We es t ima ted  t h e  p r e c i s i o n  of ou r  o p t i c a l  pyrometer 

The o v e r - a l l  e r r o r s  and d i f f e r e n c e s  i n  cha r  tempera tures  a lmost  
c e r t a i n l y  can be expected t o  cause  n e g l i g i b l e  e r r o r s  i n  r e f l e c t a n c e .  

4?. Sample Ox ida t ion  ,at High Temperature 

Heating c h a r s  i n  argon i n  t h i s  a p p a r a t u s  produces a s u b s t a n t i a l  
and permanent change i n  t h e  sample. During a 1-hour h igh- tempera ture  run  
t h e  char  changes i n  appearance from a g r a p h i t i c  g r e y  t o  a v e l v e t y  b l a c k ,  
and i t s  r e f l e c t a n c e  drops  cor respondingly .  
appears  t o  become more tenuous.  
ho t  r e f l e c t a n c e  a t  t h e  end of  a run t o  be about  14% of t h e  i n i t i a l  co ld  
value.  When the  sample i s  cooled t h i s  low v a l u e  remains.  

The porous s t r u c t u r e  a l s o  
A s p e c i a l  experiment  showed the f i n a l  
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Examination of one of t h e  samples a t  JPL showed t h a t  t h e  
blackened sample probably w a s  oxidized. The e f f e c t  seems t o  be a s u r f a c e  
e f f e c t ,  n o t  g r o s s  removal of  c h a r ,  al though t h e  c o r n e r  of t h e  i n i t i a l l y  
c y l i n d r i c a l  c h a r  does become rounded. 

I f  o x i d a t i o n  i s  a primary f a c t o r  i n  b lackening ,  t h e  cause of 
o x i d a t i o n  i s  'not e n t i r e l y  clear.  Two p o s s i b l e  e x p l a n a t i o n s  a r e :  f i r s t ,  
t h a t  t h e  sample  undergoes some i n t e r n a l  change, f o r  example r e a c t i o n  wi th  
oxygen absorbed on i t s  own su r face .  Secondly, s u f f i c i e n t  oxygen may be 
conta ined  i n  t h e  argon atmosphere surrounding t h e  sample t o  o x i d i z e  i t .  
Discuss ion  of theory  of  t h e  a r g o n - f i l l e d  bag i s  inc luded  i n  Appendix C. 

The argon used t o  f i l l  t h e  bag (as rece ived  i n  t h e  tank) i s  
Matheson u l t r a  p u r e  i o n i z a t i o n  grade (99.999%) and has  t h e  fo l lowing  
a n a l y s i s :  

The f i l l i n g  procedure is t o  c~llapse the bag from i t s  i n f l a t e d  volume of 
15 c u b i c  f e e t  t o  5% of  t h i s  v a l u e  and then  t o  r e i n f l a t e  t o  t h e  i u i i  i5 
c u b i c  f e e t  aga in .  C a l c u l a t i o n s  show t h a t  w i th  no a i r  l eaks  i n  t h e  bag 
a f t e r  f o u r  such c o l l a p s e  and r e f i l l  c y c l e s ,  t h e  p u r i t y  of t h e  f i n a l  f i l l  
i s  approximate ly  t h a t  of t h e  99.999% argon i t s e l f .  The theo ry  assumes 
p rope r  mixing of new and o ld  gas as t h e  bag i s  r e i n f l a t e d .  I n  t h i s  
a p p a r a t u s  thorough mixing i s  accomplished wi th  a mixing je t  mounted i n  
t h e  bag which e n t r a i n s  and r e c i r c u l a t e s  bag argon as  i t  adds new argon. 
The e f f e c t  of l e a k s  i n  t h e  bag i s  reduced t o  a low l e v e l  by o p e r a t i n g  t h e  
bag a t  p o s i t i v e  p r e s s u r e  f o r  a l l  b u t  a b r i e f  p o r t i o n  of i t s  f i l l  cyc le  and 
by f u r t h e r  minimizing t h e  nega t ive  p r e s s u r e  phase o f  t h e  l a te r  f i l l  c y c l e s .  

A rough estimate of t h e  e f f e c t i v e n e s s  of t h e  bag can be made by 
working backward. Assume t h a t  the  s a m p l e  i s  being ox id ized  and c a l c u l a t e  
how much oxygen would have t o  be present  t o  cause  t h i s  o x i d a t i o n .  Such 
r e a s o n i n g  shows t h a t  f o r  t h e  least oxid ized  samples cor responding  t o  the  
most met icu lous  argon f l u s h i n g  t h e r e  appea r s  t o  be  oxygen enough i n  t h e  
t a n k  argon a l o n e  (5 t o  10 ppm) t o  account f o r  t h e  observed sample oxida- 
t i o n  wi thout  t h e  n e c e s s i t y  of p o s t u l a t i n g  a i r  l e a k s  i n  t h e  bag. Some of 
t h e  samples showed g r e a t e r  ox ida t ion  and i n  t h e  wors t  c a s e  suggested an  
oxygen l e v e l  i n  t h e  bag of 100 ppm and t h e  p o s s i b i l i t y  of  small l eaks .  
Sample b lackening  is  a l s o  d iscussed  i n  Sec t ion  111, R e s u l t s .  

-11- 



5 .  Over-all E r r o r  i n  Ref lec tance  

Of the 75 measured r e f l e c t a n c e  v a l u e s  ( r u n s ) ,  51 r e p r e s e n t  more 
than  one measurement a t  t h e  same a n g l e ,  wavelength,  t empera ture  (room), 
and sample, and can be  used by a p p r o p r i a t e  small-sample techniques  t o  
e s t i m a t e  a s tandard  d e v i a t i o n  ( p r e c i s i o n ) .  Accuracy i s  e s t ima ted  by 
adding va r ious  e s t ima ted  system e r r o r s  one way and adding t o  t h i s  two 
times t h e  s t anda rd  d e v i a t i o n  ( s e e  Appendix E ,  Discuss ion  of E r r o r s ) .  

The f i g u r e s  below are estimates of a b s o l u t e  accuracy  based on 
t h e  above method and estimates of p r e c i s i o n  based on t h e  d a t a .  

Cold Sample 

Hot Sample 

Accuracy + 16% of r e f l e c t a n c e  
{ P r e c i s i o n  (0) T - 5% of  r e f l e c t a n c e  

Accuracy + 20% of r e f l e c t a n c e  1 P r e c i s i o n  (a) 7 - 5% o f  r e f l e c t a n c e  

These f i g u r e s  app ly  t o  va lues  of r e f l e c t a n c e  between 0.01 and 1.00. 
i s  c h a r a c t e r i s t i c  of  t h i s  appara tus  t h a t  accuracy  and p r e c i s i o n  are  
approximately a cons t an t  f r a c t i o n  of r e f l e c t a n c e  down t o  a v e r y  low v a l u e  
of  r e f l e c t a n c e ,  less than  0.01. The accuracy  and p r e c i s i o n  are unbiased ,  
i n  t h a t  g iven  a new s i n g l e  measurement of r e f l e c t a n c e  on an unknown 
m a t e r i a l  on t h i s  appa ra tus  t h e  most probable  t r u e  v a l u e  of  r e f l e c t a n c e  i s  
t h e  measured va lue  - + B = 5%. 

It 

The s ta tement  of accuracy f o r  ho t  samples c h a r a c t e r i z e s  t h e  
measuring technique i t s e l f ,  and does  not  i n c l u d e  changes i n  t h e  sample 
du r ing  measurement. 

One remark should be  made on our  conc lus ions  as t o  t h e  s i g n i f i -  
cance of t endenc ie s  i n  t h e  d a t a  be fo re  examining the  d a t a  i n  d e t a i l .  A 
s l o p e  i n  a f i t t e d  curve sugges t s  a conc lus ion  as t o  a tendency i n  t h e  d a t a .  
The s i g n i f i c a n c e  of t h e  conclus ion  depends on t h e  number and s c a t t e r  o f  
t h e  d a t a  p o i n t s .  Where one po in t  on ly  a t  each  ang le  d e f i n e s  a curve ,  w e  
are ha rd ly  j u s t i f i e d  i n  a t t a c h i n g  s i g n i f i c a n c e  t o  a tendency t o  w i t h i n  
much narrower l i m i t s  than t h e  p r e c i s i o n  CJ . On t h e  o t h e r  hand, i f  a 
c l u s t e r  of  several p o i n t s  d e f i n e s  an  ave rage  v a l u e  through which t h e  cu rve  
i s  drawn a t  one a n g l e ,  then  w e  are j u s t i f i e d  i n  more r e f i n e d  conc lus ions .  
S p e c i f i c a l l y ,  f o r  any one c l u s t e r  of n d a t a  p o i n t s  a t  one a n g l e ,  t h e  
s tandard  d e v i a t i o n  f o r  t h e  ave rage - - tha t  i s ,  t h e  va lue  of t h e  cu rve  a t  
that  angle--can be  e s t ima ted  t o  b e  t h e  s t anda rd  d e v i a t i o n  of t h e  popula-  ’ 
t i o n  d iv ided  by t h e  square  r o o t  of  n .  Fo r  example, f o r  a c l u s t e r  of 
n = 3 po in t s ,  t h e  curve  s t anda rd  d e v i a t i o n  might be  e s t i m a t e d  as 5%l,J3 = 3%. 
I n  d a t a  such as w e  measured, where n i s  v a r i a b l e ,  o f t e n  i s  1, never  i s  
l a r g e r  than 5 ,  and where t h e  e x t e n t  of t h e  s c a t t e r  appears  somewhat v a r i a b l e ,  
s u b j e c t i v e  judgment i s  probably t h e  b e s t  way of concluding  t h a t  there i s  o r  
i s  not  a tendency p resen t  i n  t h e  d a t a .  One a p p l i e s  what amounts t o  a n  
i n t u i t i v e  r e g r e s s i o n  a n a l y s i s ,  b e a r i n g  i n  mind t h a t  wherever more p o i n t s  
a r e  a v a i l a b l e  a more s p e c i f i c  conc lus ion  can  be drawn. 
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111. RESULTS 

Our  purpose w a s  t o  l e a r n  as much a s  w e  could  about two types  of  
cha r  samples w i t h i n  t h e  l i m i t s  of a reasonable  number of r e f l e c t a n c e  runs  
and t o  v e r i f y  our  r e s u l t s  q u a l i t a t i v e l y  w i t h  a few measurements on o t h e r  
m a t e r i a l s .  

A. SAMPLES 
\ 

JPL supp l i ed  prepared samples on which w e  made measurements as 
fo l lows:  two types of c h a r s ,  c o a r s e  g ra ined  and f i n e  g ra ined ;  p y r o l y t i c  
g r a p h i t e ;  and Ca t - a - l ac  b lack  p a i n t .  These samples are desc r ibed  by JPL 
a s  shown i n  Table  1. 

TABLE 1 

TYPES OF SAMPLES 

Quan t i ty  JPL Desc r ip t ion  

(Coarse) 18 40-50 Mesh furnace cha r red ,  t h e n  h e a t  t r e a t e d  f o r  
1 hour at 25OO0C 

(Fine) 39 80-100 Mesh furnace c h a r r e d ,  t hen  h e a t  t r e a t e d  f o r  
1 ;-,our at 25cpc 

1 P y r o l y t i c  g r a p h i t e  

1 Ca t -a - l ac  b l ack  p a i n t  d i s c  

When r ece ived ,  both types  of c h a r s  had a l r e a d y  been p r e g r a p h i t i z e d  
by h e a t i n g  f o r  1 hour a t  250OoC (under a p i l e  of  powdered g r a p h i t e )  t o  
pe rmi t  r f  h e a t i n g  i n  our equipment. 

The samples w e r e  i n  t h e  form o f  1 /2  inch-d iameter  f l a t  d i s c s ,  
and a l l  were l / l 0 - i n c h  t h i c k  except  f o r  t h e  Cat-a-lac, which w a s  r ece ived  
as a f l a t  meta l  d i s c  on which t h e  Cat -a - lac  had been pa in t ed .  

The 40-50 mesh c h a r s  were f a i r l y  uniform cha r - to -cha r  and 
appeared  da rk  grey .  On a microscopic scale t h i s  d a r k  g rey  c o n s i s t e d  of 
m o t t l e d  s i l v e r  g r e y  p l u s  b l ack  sponge-like pores .  

The 80-100 mesh cha r s  were n o t  ve ry  uniform char - to-char  i n  
s u r f a c e  appearance.  Many had t h r e e  s t r a i g h t  bands a c r o s s  t h e  face- -dark  
i n  t h e  middle and s i l v e r - g r e y  on e i t h e r  s i d e - - b u t  some had very  l i t t le  
banding . 
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For c o l d  cha r  r e f l e c t a n c e  measurements w e  s e l e c t e d  one c h a r  of  
40-50 mesh and one of  80-100 mesh, des igna ted  40-50 Char I11 and 80-100 
Char I ,  r e s p e c t i v e l y .  Each cha r  was s e l e c t e d  c a r e f u l l y  t o  be r ep resen ta -  
t i v e  of i t s  ba tch ,  except  t h a t  t h e  80-100 was s e l e c t e d  t o  show a minimum 
of  banding and a l s o  t o  have a r e p r e s e n t a t i v e  mix of mot t led  s i l v e r  g rey  
and b l a c k  (shown i n  a less uniform manner by many of  t h e  o t h e r  80-100 
cha r s ) .  Once mounted, each  sample w a s  l e f t  undis turbed  i n  i t s  g r a p h i t e  
holder  and whenever sample and ho lde r  was t aken  o u t  of t h e  appa ra tus  and 
r e i n s e r t e d ,  they  were remounted i n  t h e  same p o s i t i o n  and angu la r  o r i e n t a -  
t i o n  wi th  r e s p e c t  t o  t h e  appara tus .  

Only t h e  80-100 mesh cha r  w a s  t e s t e d  a t  h igh  tempera tures .  A 
d i f f e r e n t  cha r  sample had t o  be used f o r  each  h o t - r e f l e c t a n c e  measurement, 
because the  s u r f a c e  and r e f l e c t a n c e  of t h e  sample changed du r ing  a measure 
ment. 

Table  2 l i s t s  a l l  t h e  samples measured, our  d e s i g n a t i o n s ,  t h e  
temperature  of each ,  and t h e  t o t a l  number of  measurements made. 

B. MEASUREMENTS 

I n  t h i s  program 75 i n d i v i d u a l  va lues  ( runs)  of  d i r e c t i o n a l  
s p e c t r a l  r e f l e c t a n c e  were measured: 55 on co ld  c h a r s ,  7 on h o t  c h a r s ,  
and 13 on o t h e r  mater ia ls .  A l l  r e f l e c t a n c e  v a l u e s  measured i n  t h i s  pro-  
gram a r e  given i n  Appendix A.  

Measurements were made a t  f o u r  d i r e c t i o n a l  ( i n c i d e n t )  ang le s - -  
0 $ =  33 (near  normal) ,  4 5 O ,  60') and 72O ( n e a r  g l a n c i n g ) ;  a t  f o u r  wave- 

lengths--0.20,  0.40, 0 .65,  and 1.00 micron; and a t  two t empera tu res ,  room 
and 2200°F. The 1.00-micron ho t  measurements were made a t  a lower c h a r  
temperature ,  2000°F, because of equipment l i m i t a t i o n s .  A t  h igh  tempera- 
t u r e ,  a s  d i scussed  ea r l i e r ,  t he  c e n t e r  o f  the c h a r  i s  c o o l e r  t h a n  t h e  
edge;  t h e  d i f f e r e n c e  averaged 5 5 O C  (1000F) and v a r i e d  from c h a r  t o  char. 

There appears  t o  be no c lear  way t o  p l o t  a l l  o f  t h e  r e f l e c t a n c e  
d a t a  t h a t  was measured i n  t h i s  program on one page. For  t h i s  reason  t h e  
d a t a  i s  d iv ided  i n t o  graphs of d i r e c t i o n a l  r e f l e c t a n c e  vs  a n g l e ,  one 
cu rve  ( o r  point-) f o r  each  c o l o r  and f o r  e a c h  mater ia l  t h a t  w a s  measured 
( s e e  Figures  5 through 10 and 12 and 13 ) .  These graphs  c o n t a i n  a l l  of 
t h e  measured r e f l e c t a n c e  va lues  and a l s o  show t h e  s c a t t e r  i n  i n d i v i d u a l  
va lues .  

On each graph an  average-va lue  cu rve  ( o r  p o i n t )  has  been drawn, 
w i t h  only s l i g h t  concess ions  t o  cu rve  f i t t i n g ,  th rough t h e  average  v a l u e  
of  r e a l  d a t a  p o i n t s  a t  each  ang le  j, . T h i s  ave rage  cu rve  i s  used i n  
F igu re  14 a s  t h e  b a s i s  f o r  e x h i b i t i n g  t h e  wavelength s e n s i t i v i t y  (of t h e  
45O re f l ec t ance )  of a l l  the materials. 
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TABLE 2 

SAMPLES MEASURED 

I '  
I 
t 
I 
I 
I 

Number of 
Quan t i ty  Our  Designat ion Temperature M e  as u reme n t s 

1 40-50 Char I11 

1 80-100 Char I 

1 80-100 Char I1 

7 80-100 Char random 

2 80-100 Char random 

1 P y r o l y t i c  

1 Cat -a- lac  

3 MgO (smoked) 

co  Id 9 

co ld  43 

cold  1 

hot  7 
cold 2 

cold  

co Id 

co Id 

6 

4 
3 

Consider ing each  f i g u r e  i n  t u r n ,  w e  see i n  F igure  5 a graph of 
d i r e c t i o n a l  s p e c t r a l  r e f l e c t a n c e  R$x  of  co ld  40-50 mesh Char I11 v e r s u s  
d i r e c t i o n a l  a n g l e $  i n  t h e  b l u e  and a l s o  i n  t h e  red .  
have a s l i g h t l y  h igher  r e f l e c t a n c e  i n  t h e  red than  i n  t h e  blue--6.3% a t  
45O, which ( d e s p i t e  5% o v e r - a l l  p rec i s ion )  i s  probably s i g n i f i c a n t  i n  
view o f  t h e  f a c t  t h a t  t h e  c o l o r  d i f f e r e n c e  e x i s t s  a t  a l l  f o u r  ang le s .  
There appears  t o  be no s i g n i f i c a n t  t rend i n  r e f l e c t a n c e  wi th  d i r e c t i o n a l i t y  
of t h i s  sample .  A s  t h e  angle  goes from near  normai ( = 3 3 O j  ivward 
g lanc ing  ( 
+3.7% i n  t h e  r ed .  

The c h a r  appears  t o  

= 72') t h e  r e f l e c t a n c e  v a r i e s  on ly  by -3.8% i n  t h e  b lue  and 

No f u r t h e r  measurements were made on 40-50 char .  I n s t e a d  w e  
concen t r a t ed  on t h e  f i n e r  gra ined  80-100 char .  

F igu re  6 shows t h e  d i r e c t i o n a l  s p e c t r a l  r e f l e c t a n c e  of  80-100 
mesh Char I v s  ang le  i n  t h e  u l t r a v i o l e t .  The most obvious t r end  is  an 
i n c r e a s e  of r e f l e c t a n c e  toward g lanc ing  a n g l e s ,  14% from \1' = 3 3 O  t o  
'$ = 72O. I n  view of O =  5% p r e c i s i o n ,  t h i s  t r end  i s  s i g n i f i c a n t .  

F igure  7 i s  a similar graph ( R $ x  v s  q )  showing co ld  r e f l e c t a n c e  
of  t h e  s a m e  80-100 Char I sample i n  t h e  b lue .  The tendency toward i n c r e a s -  
i ng  r e f l e c t a n c e  wi th  ang le  i s  ev ident  bu t  too s l i g h t  (5.4%) t o  be cons id-  
e r e d  s i g n i f i c a n t .  

One a d d i t i o n a l  m a t e r i a l  i s  inc luded  i n  F igu re  7 .  To test  t h e  
d i f f e r e n c e  between two d i f f e r e n t  samples of nominally i d e n t i c a l  80-100 
c h a r ,  w e  picked a second char  (des igna ted  80-100 Char 11) t h a t  looked 
similar t o  80-100 I and a l s o  measured i t s  r e f l e c t a n c e  co ld  a t  45O, blue .  
A s  evidenced from the  graph, t h e  blue average of 80-100 Char I and t h e  
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va lue  of t h e  p o i n t  f o r  80-100 Char I1 d i f f e r  by some 19%. 

F igure  8 i s  a s imi l a r  graph f o r  80-100 I c h a r  i n  red.  Ref lec-  
tance  i n c r e a s e s  9.6% from $ = 3 3 O  t o  72'. 

Figure  9 p l o t s  R$x v s $  f o r  80-100 I i n  i n f r a r e d .  Re f l ec t ance  
i n c r e a s e s  5.1%. 

To summarize t h e  angu la r  s e n s i t i v i t y  of  t h e  one 80-100 Char I 
sample t e s t e d ,  F igu res  6 through 9 show a tendency toward i n c r e a s i n g  
r e f l e c t a n c e  as t h e  d i r e c t i o n a l  ang le  moves toward g l anc ing .  Averaged f o r  
a l l w a v e l e n g t h s , t h e  tendency i s  8.6% and can  probably be cons idered  s i g n i -  
f i c a n t .  Th i s  averaged tendency, i f  e x t r a p o l a t e d  l i n e a r l y ,  would g i v e  a 
12%% d i f f e r e n c e  between d i r e c t i o n a l  r e f l e c t a n c e  i n  t h e  r eg ion  of n e a r  
normal ( '$ = 3 3 O )  and r e f l e c t a n c e  a t  J, = 90'. 

Another tendency i s  j u s t  n o t i c e a b l y  suggested i n  F igu res  6 
through 9: 
t o  e x t r a p o l a t e  toward $ = O o ,  t h a t  d i r e c t i o n a l  r e f l e c t a n c e  i n  t h e  reg ion  
between t h e  pole  $ = 0' and $ = 45' i s  approximately independent  of a n g l e  

t h a t  t h e  r e f l e c t a n c e  i n  the  r eg ion  of  3 3 O  and 4 5 O  i s  f l a t  and, 

f o r  t h e  Char I sample. 

High-temperature c h a r  r e f l e c t a n c e s  were measured. A s  d i scussed  
ear l ie r ,  t h e  samples t u r n  du r ing  h e a t i n g  from a g r a p h i t e  g r e y ,  porous-  
appear ing  s u r f a c e  t o  a v e l v e t y  b l ack  d u r i n g  t h e  course  of a one-hour run  
and r e f l e c t a n c e  drops  cor respondingly .  S ince  t h i s  change t a k e s  p l a c e  
p r o g r e s s i v e l y  du r ing  t h e  r e f l e c t a n c e  run,  t h e  meaning of  t h e  measured 
h igh  temperature  r e f l e c t a n c e  va lues  i s  ques t ionab le .  

F igu re  10 shows t h e  r e su l t s  of a n  experiment  t o  c h a r a c t e r i z e  
t h i s  change i n  t h e  cha r  w i t h  t i m e .  During t h e  course  of  one of t h e  h igh-  
temperature  r e f l e c t a n c e  runs ,  a second experiment  was conducted c o n c u r r e n t l y  
One of t h e  22 c o l l e c t i o n  angle  p o s i t i o n s  was chosen as  a moni tor ing  pos i -  
t i o n ;  p e r i o d i c a l l y  du r ing  t h e  r e f l e c t a n c e  run ,  t h e  o p e r a t o r  b r i e f l y  turned  
t o  t h e  moni tor ing  p o s i t i o n ,  read s i g n a l  and t i m e ,  and t h e n  r e tu rned  t o  t h e  
r e f l e c t a n c e  run. The angu la r  p o s i t i o n  o f  t h i s  moni tor ing  r ead ing  w a s  
chosen, on t h e  b a s i s  of p a s t  expe r i ence  w i t h  c h a r s ,  t o  be r e l a t i v e l y  i n -  
s e n s i t i v e  t o  t h e  changes t h a t  could be  expec ted  i n  t h e  shape of  t h e  photo-  
m e t r i c  lobe  du r ing  t h e  one-hour run.  The s i g n a l  a t  t h e  moni tor ing  p o s i t i o n  
i s  a r e l a t i v e  (photometr ic)  s i g n a l  o n l y ,  bu t  p l o t t e d  i n  t h i s  way i t  g i v e s  
a n  idea  of t h e  r e l a t i v e  change of  r e f l e c t a n c e  of t h e  sample w i t h  t i m e .  

The next  s t e p  w a s  t o  normal ize  a l l  o f  t h e  moni tor ing  r ead ings  
so  t h a t  the normalized v a l u e  of t h e  f i r s t  moni tor ing  r ead ing  t aken  on t h e  
co ld  sample be fo re  h e a t i n g  equa l l ed  t h e  co ld  r e f l e c t a n c e  b e f o r e  h e a t i n g .  
The o the r  (normalized) monitor  r ead ings  would then  be  approximate ly  e q u a l  
a t  any  t i m e  t o  t h e  sample r e f l e c t a n c e .  
are  es t imated  r e f l e c t a n c e  v a l u e s  and when p l o t t e d  as i n  F i g u r e  10 p rov ide  
a curve of (es t imated)  sample r e f l e c t a n c e  as a f u n c t i o n  of  t i m e  du r ing  a 
run .  

Thus, these moni tor ing  r ead ings  
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0 
Figure  10 shows e s t ima ted  45 b l u e  r e f l e c t a n c e  v s  t i m e  f o r  one 

80-100 char  random sample du r ing  a high-temperature run  and shows a l s o  t h e  
co ld  r e f l e c t a n c e  of t h e  same sample both be fo re  and a f t e r  hea t ing .  The 
o v e r - a l l  measured va lue  of "hot r e f l ec t ance"  f o r  t h e  run  i s  noted on t h e  
graph. The temperature of t h e  c h a r  during t h e  run  i s  a l s o  noted; t h e  
d o t t e d  p o r t i o n  of t h e  tempera ture  h i s t o r y  w a s  e s t ima ted  on t h e  b a s i s  of 
t h e  r f  h e a t e r  power, and t h e  s o l i d  p o r t i o n  w a s  based on o p t i c a l  pyrometer 
r ead ings .  

The decay curve  of F igu re  10 shows t h a t  t h e  (es t imated)  sample 
r e f l e c t a n c e  drops  t o  5077 of i t s  i n i t i a l  co ld  v a l u e  5.5 minutes a f t e r  t h e  
c h a r  r eaches  tempera ture ,  t o  23.27, of i t s  i n i t i a l  c o l d  v a l u e  i n  28.7 
minutes ,  and t o  13.9% of i t s  i n i t i a l  co ld  v a l u e  i n  63 .1  minutes ( t h e  end 
of t h e  run) .  

The po in t  on t h e  decay curve cor responding  t o  23.2% of i n i t i a l  
co ld  r e f l e c t a n c e  a l s o  c o i n c i d e s  wi th  t h e  o v e r - a l l  measured h o t  r e f l e c t a n c e  
v a l u e  f o r  t h e  run.* 

The c o l d  r e f l e c t a n c e  a f t e r  h e a t i n g  w a s  measured and, as i n d i c a -  
t e d  i n  F igu re  10, w a s  found t o  be approximately t h e  same as t h e  f i n a l  
( e s t ima ted )  hot  r e f l e c t a n c e  v a l u e  before  t h e  sample w a s  cooled. 

When a cha r  has  been cooled down a f t e r  a r e f l e c t a n c e  run, i t  
i s  appa ren t  t h a t  some c h a r  material has d isappeared .  One reasonable  
t h e o r y  as t o  the cause  o f  such erosion i s  o x i d a t i o n  by the surrounding 
atmosphere. The least eroded samples show obse rvab le  e r o s i o n  of t h e  
cha r  tha t  cor responds  w i t h  t h e  amount of o x i d a t i o n  t h a t  might be expected 
from t h e  tank argon a i o n e  (5 to 10 ppm) w i t h o u t  ~ o s t u l a t l n g  a i r  l e a k s  i n  
t h e  bag. The most eroded (oxid ized)  samples correspond t o  an  oxygen l e v e l  
i n  the bag i n  the range of 100 ppm. F u r t h e r ,  t h e  removal of m a t e r i a l  i s  
s l i g h t l y  more n o t i c e a b l e  a t  t h e  bottom of t h e  v e r t i c a l  c h a r  f a c e  than  
elsewhere; t h i s  could be  t h e  r e s u l t  of convec t ive  flow up p a s t  t h e  h o t  
sample. 

On t h e  t h e o r y  t h a t  oxygen might be l e a k i n g  i n t o  t h e  bag and 
c a u s i n g  o x i d a t i o n ,  an  a t t empt  was made t o  s h i e l d  t h e  sample from bag 
a rgon  by t h e  use  of a g e n t l e  laminar flow of h i g h - p u r i t y  (99.999%) argon 
o u t  from behind and around t h e  sample.  This  arrangement d i d  n o t  s t o p  
sample b lackening ,  bu t  d i d  change the p a t t e r n  of sample e r o s i o n .  Now 
t h e  o u t s i d e  co rne r  of t h e  d i s c  was rounded o f f  even ly  around t h e  d i s c  
p e r i m e t e r .  Again, t h e  amount of m a t e r i a l  removed corresponded i n  o r d e r  
of magnitude t o  t h e  amount of  oxygen t h a t  would be d e l i v e r e d  by t h e  laminar 
a r g o n  flow from behind t h e  sample .  I f  o x i d a t i o n  i s  t a k i n g  p l a c e ,  a 
r e a s o n a b l e  way of p reven t ing  i t  would be t o  p l a c e  a chemical g e t t e r  i n  the 
bag b e f o r e  and du r ing  t h e  ho t  run .  

* 
Note t h e  t i m e  s c a l e  of  F igu re  10; t h e  sample f i r s t  r eaches  temperature 

a t  about  t = 8.0 minutes on t h e  a b s c i s s a .  
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One must bea r  i n  mind t h a t  t h e  samples  are changing du r ing  
hea t ing  and t h a t  t h e  composite r e f l e c t a n c e  v a l u e  r e s u l t i n g  from each  run  
i s  t h e r e f o r e  q u e s t i o n a b l e .  Neve r the l e s s ,  t h e  p l o t t e d  v a l u e s  do  show 
recognizable  p a t t e r n s .  

Measured v a l u e  of h igh- tempera ture  cha r  r e f l e c t a n c e  a r e  p l o t t e d  
i n  Figure 11. 
and measured a t  45' UV, 45O and 72O b l u e ,  4 5 O  r ed ,  and 45O I R  ( a t  2000'F). 
The f i g u r e  sugges t s  s e v e r a l  t endenc ie s  i n  t h e  d a t a  from t h e s e  samples: 

Seven random samples of 80-100 cha r  were hea ted  t o  2200°F 

0 The g e n e r a l  l e v e l  of h igh- tempera ture  cha r  r e f l e c t a n c e  
i s  ve ry  much lower (by a f a c t o r  of  fou r )  t han  t h e  
r e f l e c t a n c e s  of  cold c h a r  80-100 I and 80-100 I1 which 
have no t  been hea ted .  

0 Two d i f f e r e n t  samples a t  t h e  same ang le  ( ii[ = 45') and 
wavelength ( X = 0 . 4 ~ )  show a 16-1/27, d i f f e r e n c e  i n  
h o t  r e f l e c t a n c e .  

An angu la r  tendency i s  sugges ted .  The r e f l e c t a n c e  v a l u e  
a t  $ = 72' i s  h i g h e r  than  e i t h e r  of t h e  two r e f l e c t a n c e  
v a l u e s  a t  $ = 45O and 18.3% h i g h e r  than  t h e  average  of 
bo th .  

0 A s p e c t r a l  tendency i s  i n d i c a t e d  (see a l s o  F igu re  14 ) .  
The 45O r e f l e c t a n c e s  a p p e a r  h i g h e s t  a t  t h e  longes t  
wavelengths.  
r e f l e c t a n c e  and t h e  lowest of t h e  average  of two 45O b l u e  
r e f l e c t a n c e s  i s  25%. 

The d i f f e r e n c e  between t h e  h i g h e s t  45O I R  

The r e f l e c t a n c e  of co ld  p y r o l y t i c  g r a p h i t e  w a s  measured. 
F igure  12 shows t h e  d i r e c t i o n a l  s p e c t r a l  r e f l e c t a n c e  of t h i s  material  (as 
received from JPL) f o r  $ = 3 3 O ,  45O, 60°, and 72O i n  t h e  b l u e  and f o r  
JI = 45' i n  t h e  UV and red .  The i n f r a r e d  r e f l e c t a n c e  was not  measured. 

The f i g u r e  shows a marked a n g u l a r  s e n s i t i v i t y  w i t h  i n c r e a s i n g  
The d i f f e r e n c e  between t h e  33' and r e f l e c t a n c e  toward g l anc ing  ang le s .  

7 2 O  p o i n t s  on t h e  curve  i s  30%. 
d i r e c t i o n s ,  t h i s  s l o p e  l e a d s  t o  a g l a n c i n g  ( $ = 90°) r e f l e c t a n c e  of  
0.198, which i s  two times t h e  normal r e f l e c t a n c e  (0.099). 

I f  e x t r a p o l a t e d  l i n e a r l y  i n  bo th  a n g u l a r  

Th i s  sample of p y r o l y t i c  g r a p h i t e  a l s o  shows a marked wave- 
l e n g t h  s e n s i t i v i t y ,  namely an i n c r e a s e  of  r e f l e c t a n c e  a t  t h e  longe r  wave- 
l eng ths  ( s e e  a l s o  F igu re  14) .  

F igure  13  shows measurements o f  MgO and Ca t -a - l ac  b l ack  p a i n t  
made a t  t h e  c l o s e s t  a v a i l a b l e  a n g l e  t o  normal, $ = 33O. 
comparison, p o i n t s  are p l o t t e d  on t h e  same c o o r d i n a t e  system as t h e  c h a r  
and p y r o l y t i c  g r a p h i t e  d a t a ,  bu t  measurements a t  on ly  one a n g l e  were made. 
For MgO t h r e e  p o i n t s  were measured i n  b l u e .  The t h r e e  p o i n t s  have a mean 
value of 0.957 wi th  +5.3%, -5.2%, and -0.0% d e v i a t i o n  ( l i n e a r )  from t h e  
average. 

TO f a c i l i t a t e  
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Four Ca t - a - l ac  r e f l e c t a n c e s  were measured (33') - - t h r e e  a t  b l u e ,  

one a t  r e d .  The t h r e e  b lue  va lues  have a mean of  0.0546, wi th  +0.4%, 
-3.4%, and +3.0% d e v i a t i o n s  ( l i n e a r )  from t h e  mean. One more p o i n t  i s  
p l o t t e d ,  r e f l e c t a n c e  a t  ( 3 3 O )  red .  
f i c a n t  wavelength s e n s i t i v i t y ,  s i n c e  the r ed  v a l u e  d i f f e r s  from t h e  
average  b lue  by on ly  +3.6%. 

Cat -a - lac  appea r s  t o  show no s i g n i -  

Other  d a t a  on Cat -a - lac  compiled a t  JPL i s  inc luded  on F igu re  
13 f o r  comparison.* A number of JPL da ta  p o i n t s  f o r  normal s p e c t r a l  
r e f l e c t a n c e  of Ca t - a - l ac  i n  t h e  b l u e  and red  have an average  va lue  of  
.0475 and range from 0.04 t o  0.05. 

The foregoing  F igu res  5 through 13 complete t h e  r e p o r t  of t h e  
measured d a t a .  The l a s t  F igure ,14 ,  i s  based on t h e  average  va lues  developed 
i n  t h e  earlier f i g u r e s .  "Average value" i n  some i n s t a n c e s  i s  based on one 
p o i n t .  F igu re  14 summarizes t h e  wavelength s e n s i t i v i t y  of f i v e  materials: 
co ld  40-50 Char 111, c o l d  80-100 Char I ,  ho t  80-100 Char random, co ld  
p y r o l y t i c  g r a p h i t e ,  and co ld  Cat -a - lac .  The p l o t s  show average v a l u e s  of 
4 5 O  d i r e c t i o n a l  r e f l e c t a n c e s  v e r s u s  wavelength, except  f o r  one curve t h a t  
shows 3 3 O  r e f l e c t a n c e  f o r  Ca t - a - l ac .  

The wavelength s e n s i t i v i t y  of t h e  m a t e r i a l s  shown i n  F igu re  14 
can  be c h a r a c t e r i z e d  by l a b e l i n g  each wi th  a l lco lor"  by analoev to v i s u a l  
p e r c e p t i o n .  

ho t  80-100) could  be  c a l l e d  approxina te ly  "grey" nateria 3 .  

On t h i s  b a s i s ,  t h e  p y r o l y t i c  g r a p h i t e  could  be c a l l e d  a .. 
red" material. The o t h e r s  (co ld  80-100 I ,  c o l d  40-50 111. and random 

I 

* 
Communicated bv R. Naeler of .TPT,. 
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I V .  CONCLUSIONS 

1. The three-d imens iona l  goniometr ic  r e f l e c t a n c e  technique 
proved t o  be a s a t i s f a c t o r y  and fundamentally r e l i a b l e  method f o r  measuring 
d i r e c t i o n a l  s p e c t r a l  r e f l e c t a n c e .  
from 3 3 O  t o  72O, wavelengths from 0.2  micron t o  1 .0  micron, and tempera- 
t u r e s  from room tempera ture  t o  2200°F ( i g n o r i n g  t h e  problem of sample 
change a t  h igh  tempera ture) .  

The p re sen t  c a p a b i l i t i e s  are ang le s  

2.  Changes i n  samples during a high-temperature  run  proved t o  
b e  2 major problem. Samples w e r e  converted from a graphi te -grey  d i s c  
t o  a v e l v e t y  black s u r f a c e  dur ing  the cour se  of measurement. The cause  
of t h e  change i s  r,ot known. One explana t ion  is t h a t  t h e  sur rounding  argon 
conta ined  traces of oxvgen, which caused t h e  h o t  samples t o  blacken;  t h i s  
oxygen could have CONI= e i t h e r  from t r a c e  q u a n t i t i e s  i n  t h e  argon supply 
o r  en te red  through one o r  more very s m a l l  a i r  l e a k s  i n  t h e  atmosphere bag 
sur rounding  t h e  samples.  

3.  Ref lec t ance  measurements were made a t  f o u r  angles :  33', 45O, 
60°, and 72O; a t  fou r  wavelengths:  0.2& 0.4p, 0.65P, and 1 . O k  and a t  
two t e m p e r a t u r e s :  room and 2200°F. Seventy-f i v e  measurements were nnde, 
55 on co ld  c h a r s ,  7 on h o t  c h a r s ,  and 13 on o t h e r  co ld  m a t e r i a l s - - p y r o l y t i c  
g r a p h i t e ,  Cat-a-lac black p a i n t ,  and MgO. 

Measured r e f l e c t a n c e s  f o r  t h e  co ld  c h a r s  ranged from 0.07 t o  
0.10, depending on ang le  and waveiength. The c ~ a r s e r  gra ined  char  (40-50 
mesh) ran  s l i g h t l y  lower i n  r e f l e c t a n c e  ( 5  t o  10%) than  t h e  f i n e r  gra ined  
c h a r  (80-100 mesh). 

4.  I n  g e n e r a l ,  t h e  c h a r ' s  d i r e c t i o n a l  s p e c t r a l  r e f l e c t a n c e s  
w e r e  r e l a t i v e l y  independent of angle  and of wavelength; each e x h i b i t e d  
v a r i a t i o n  i n  t h e  o r d e r  of l / l O t h  r e f l e c t a n c e  va lue  over  t h e  ang le s  and 
wavelength ranges .  

5 .  The d i f f e r e n c e  i n  r e f l e c t a n c e s  between two nominally i d e n t i c a l  
c h a r  samples was 20%. 

6. Hot c h a r s  showed a much lower r e f l e c t a n c e  than  co ld ,  by a 
f a c t o r  of f o u r ,  due p r i m a r i l y  t o  sample change d u r i n g  measurement. 

7 .  Cold p y r o l y t i c  g r a p h i t e  shows a s u b s t a n t i a l  s e n s i t i v i t y  of 
r e f l e c t a n c e ,  b o t h  t o  angle  and t o  wavelength; i t s  r e f l e c t a n c e  i n c r e a s e s  
w i t h  g l anc ing  ang le s  and longer  wavelengths. 

8. Cat-a-lac black pa in t  w a s  measured a t  a near-normal ang le  
( 3 3 O )  a t  0.4 micron and had an average r e f l e c t a n c e  va lue  of  0.0546. 
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V. RECOMMENDATIONS 

I 

1. A th ree-d imens iona l  goniometer of t h e  type  used i n  t h i s  program 
i s  a r e l i ab le  and a c c u r a t e  dev ice  for  de t e rmin ing  a b s o l u t e  r e f l e c t a n c e  
and i s  a p p l i c a b l e  t o  a wide v a r i e t y  of r e f l e c t a n c e  problems, on co ld  o r  
h o t  materials. 

2. The method i s  a b s o l u t e ;  r e f l e c t a n c e  i s  determined on ly  from r a t i o s  
of r ead ings  and from t h e  geometry of the appa ra tus .  It does not  depend on 
t h e  r e f l e c t a n c e  of any secondary r e f l e c t i n g  s u r f a c e ,  nor does i t  r e q u i r e  
any r e f l e c t a n c e  s t anda rd .  For t h e  foregoing reasons  t h i s  goniometr ic  
method should be cons idered  f o r  measuring ( c a l i b r a t i n g )  materials t h a t  
are t o  be used as r e f l e c t a n c e  s tandards .  

3 .  For f u t u r e  a p p l i c a t i o n s ,  the appa ra tus  d e s c r i b e d  i n  t h i s  r e p o r t  
may be r e a d i l y  r e f i n e d  i n  accuracy and extended i n  a n g l e ,  wavelength, and 
tempera ture .  Also,  t h e  atmosphere, which may have had a chemical 
e f f e c t  on h o t  samples,  may be p u r i f i e d .  

a .  Accuracy. The accuracy and p r e c i s i o n  of t h e  appa ra tus  used 
i n  t h e  p r e s e n t  program have been governed by t h e  behavior  of cer- 
t a i n  components, by t h e  l a r g e r  random e r r o r s  a r i s i n g  i n  d a t a  t aken  ear l ie r  
i n  t h e  program ( b e f o r e  t h e  exper imenta l  t echnique  had been r e f i n e d ) ,  and by 
t h e  n e c e s s i t y  f o r  o b t a i n i n g  a cons ide rab le  q u a n t i t y  of  d a t a  i n  a l i m i t e d  
t i m e .  Refinements,  such as the  use of  a b e t t e r  d i f f u s e r  and a - c  a m p l i f i e r ,  
would improve accuracy and p r e c i s i o n  by a f a c t o r  of  two o r  more. 

b. Angle. The p r e s e n t  range of i n c i d e n t  ang le s  i s  from 3 3 O  
t o  72' (measured from the normal t o  the sample). The l i m i t s  of t h i s  range 
are d e f i n e d  by mechanical i n t e r f e r e n c e  and c o n s i d e r a t i o n s  of i n c i d e n t  beam 
width .  However, t h e  range may b e  increased  t o  any e x t e n t  d e s i r e d  by 
a p p r o p r i a t e  r edes ign  of t h e  source  and c o l l e c t i n g  a p e r t u r e s  and housings.  
A p r a c t i c a l  i n i t i a l  s t e p  would b e  t o  ex tend  t h e  range of  i n c i d e n t  ang le s  
t o  1 5 O  - 75O. 

c .  Wavelength. The goniometric method i s  p o t e n t i a l l y  a p p l i c -  
a b l e  over  a v e r y  wide wavelength range, from 0.2 micron t o  200 microns. 
The ease o r  d i f f i c u l t y  of measurement i n  any p a r t i c u l a r  wavelength r eg ion  
w i l l  depend on the performance of t h e  b e s t  a v a i l a b l e  d e t e c t o r  and i t s  
s i g n a l - t o - n o i s e  r a t i o .  I n i t i a l l y ,  it would be  p r a c t i c a l  t o  extend wave- 
l e n g t h  t o  a range of 0.2 micron t o  3 microns us ing  p h o t o m u l t i p l i e r  and 
l e a d  s u l f i d e  d e t e c t o r s .  

d. Temperature. The maximum o p e r a t i n g  tempera ture  of t h e  
a p p a r a t u s  used i n  t h i s  program depends on t h e  wavelength of t h e  i n c i d e n t  
beam; a t  any given wavelength i t  depends on t h e  performance of t h e  r a d i a n t  
s o u r c e  and t h e  s i g n a l  p rocess ing  components. Higher tempera tures  are 
p o s s i b l e  by refinement of these components. An i n i t i a l  e x t e n s i o n  t o  
30000F would be p r a c t i c a l .  
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e. Atmosphere. The large reflectance changes that were 
observed in hot char samples during measurement may be caused by 'oxidation. 
If so ,  and if oxygen is being introduced into the atmosphere bag, either 
as an impurity in the argon or via leaks in the bag, it could be quite 
easily removed by placing chemical getters inside the bag. At least as 
a precaution, getters should be used in any high-temperature measurements 
of materials known to react with oxygen. 
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APPENDIX A 

i 

REFLECTANCE DATA 

Table A 1  l i s t s  a l l  t h e  r e f l e c t a n c e  va lues  f o r  a l l  t h e  materials 
t h a t  were measured i n  t h i s  program. 

The o r i g i n a l  d a t a  on which t h e s e  va lues  are based i s  conta ined  
i n  two d a t a  books on f i l e  a t  Ar thur  D. L i t t l e ,  Inc. under Case N o .  66658. 
These books c o n t a i n  a p a i r  of o r i g i n a l  d a t a  s h e e t s  (pages 1 and 2) f o r  
each  r e f l e c t a n c e  va lue  shown i n  Table A l .  Each p a i r  of d a t a  s h e e t s  w a s  
a s s igned  an  experiment number a t  the t i m e  t h e  r e f l e c t a n c e  w a s  measured, 
and t h i s  number appears  t o  t h e  l e f t  of t h e  r e f l e c t a n c e  va lue .  Where 
measurements were made a t  more than  one ang le  (e.g. ,  80-100 I a t  W a t  
$ = 3 3 O ,  45O, 60°, and 72O), t h e  r e l a t e d  p a i r s  of d a t a  s h e e t s  are 
i d e n t i f i e d  by letters A, B,  C , o r  D added t o  t h e  experiment number. 
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APPENDIX B 

mTHOD OF MEASUREMENT 

A. DEFINITION OF REFLECTANCE 

The r e f l e c t a n c e  measured i n  t h i s  appa ra tus  i s  d i r e c t i o n a l  
s p e c t r a l  r e f l e c t a n c e ,  de f ined  as t h e  r a t i o  of a l l  r a d i a t i o n  r e f l e c t e d  
from t h e  sample i n  a s p e c i f i e d  wavelength band to a l l  r a d i a t i o n  i n c i d e n t  
on to  t h e  sample i n  t h e  same wavelength band, w i t h  t h e  i n c i d e n t  r a d i a t i o n  
conf ined  t o  a narrow beam. 

The d i r e c t i o n a l  s p e c t r a l  r e f l e c t a n c e  determined i n  t h i s  way i s  
r e l a t e d  t o  t h e  corresponding q u a n t i t i e s  d i r e c t i o n a l  s p e c t r a l  absorp tance  
and d i r e c t i o n a l  s p e c t r a l  emi t tance .  A clear s ta tement  of t h e s e  r e l a t i o n -  
s h i p s ,  p a r t i c u l a r l y  wi th  regard t o  angle ,  i s  given by Richmond*. 

B. COORDINATE SYSTEM 

The p o l a r  coord ina te  system of t h i s  appa ra tus  i s  shown i n  
F igu re  1 (which i s  repea ted  i n  t h i s  appendix f o r  convenience).  The sample 
i s  l o c a t e d  a t  the  o r i g i n  of  t h e  s p h e r i c a l  p o l a r  coord ina te  system, and 
t h e  coord ina te  system remains f i x e d  wi th  r e s p e c t  t o  t h e  sample; s p e c i f i -  
c a l l y ,  the  normal l i n e  through t h e  cen te r  of t h e  sample pas ses  up through 
t h e  p o l e  of t h e  coord ina te  hemisphere above i t ,  and t h e  p l ane  of t h e  f l a t  
(reflectance) face of t h e  sample co inc ides  wi th  t h e  base  p lane  of t h e  
c o o r d i  na t e hemi sphere.  

A narrow beam of r a d i a t i o n  is i n c i d e n t  on t h e  c e n t e r  of t h e  
sampie. T h f s  Zeza has two zcgular coord ina tes .  The v e r t i c a l  ang le  of 
t h e  i n c i d e n t  beam i s  measured from the pole  of t h e  coord ina te  hemisphere 
and i s  l abe led  t h e  z e n i t h  ang le  $ . The i n c i d e n t  r a d i a t i o n  has  a n  
az imutha l  ang le  ( l abe led  IrAzll o r  0') t h a t  i s  always z e r o  by d e f i n i t i o n ;  
i .e . ,  t h e  azimuthal  angle  of any l o c a t i o n  around t h e  hemisphere i s  
measured from a ze ro  def ined  by t h e  v e r t i c a l  plane con ta in ing  t h e  i n c i d e n t  
beam. 

A beam of r a d i a t i o n  i s  c o l l e c t e d  from t h e  sample. The c o l l e c t e d  
beam has two angu la r  coord ina te s .  
beam i s  measured from t h e  po le  of the coord ina te  hemisphere and i s  l abe led  
t h e  z e n i t h  ang le  @ . 
measured from t h e  p lane  of  t h e  i n c i d e n t  beam. 

The v e r t i c a l  ang le  of t h e  c o l l e c t e d  

The c o l l e c t e d  r a d i a t i o n  has  an  az imutha l  ang le  8 

*Joseph  C. Richmond, "Phys ica l  Standards of Emit tance and Reflectance",  
a paper  i n  Radia t ive  T r a n s f e r  from So l id  Materials, Elan  and F i s c h e r  eds., 
New York, Macmillan, 1962. 
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I 
I 

When a l o c a t i o n  on t h e  coord ina te  hemisphere i s  s p e c i f i e d ,  t h e  
po la r  ( v e r t i c a l )  a n g l e  i s  s t a t e d  f i r s t  and t h e  h o r i z o n t a l  ang le  second. 
Thus, coord ina te s  w i l l  be: 

I n c i d e n t  beam ($, 0) 

Ref lec ted  beam (a, 8) 

For example, t h e  i n c i d e n t  and r e f l e c t e d  beams shown i n  F igu re  1 are: 

I n c i d e n t  ($, 0) = (45O, 00) 

Ref lec ted  ( 8 ,  8) = (60°, 1200) 

The maximum quadrant  l i m i t s  of t h e s e  ang le s  w i l l  be: 

$ : oo t o  900 I A,: Oo 
I n c i d e n t  

@ : oo to goo 

8 : Oo t o  180° 
Ref lec ted  

The limits of t h e  measuring appara tus  are somewhat less, due t o  i n t e r -  
f e r e n c e  between source  and c o l l e c t o r  o p t i c s .  

C. SOURCE AND COLLECTOR 

mh- o v y _ _ _  C . ~ . I T P P  n f  i n c i d e n t  r a d i a t i o n  i s  a s m a l l  housing con ta in ing  
a f r o n t - s u r f a c e d  pa rabo lo ida l  mi r ro r ,  a f l a t  mi r ro r ,  an 1800-rpm h y s t e r e s i s  
synchronous chopping motor, a chopping d i s c  w i t h  f i v e  evenly  spaced h o l e s ,  
and a r a d i a t i o n  source .  
N i t o r a  tungs ten  lamp (lob', $A) overdriven t o  12 o r  14 v o l t s  o r  2) a 
Hannau Model D102B deuter ium lamp opera t ing  a t  30 w a t t s .  
lamp i s  used f o r  UV, t h e  tungs ten  f o r  b lue ,  r ed ,  and I R  measurements. 

The r a d i a t i o n  source  may b e  e i t h e r  1) a H i t a s h i  

The deuter ium 

The i n c i d e n t  beam emerging from t h i s  source has  t h e  shape o f  a 
narrow r e c t a n g u l a r  cone focused down onto  t h e  sample. 
cone i s :  

The s i z e  of  t h e  

A A Z  = 9.9' 

The i n c i d e n t  beam i s  focused i n t o  a n  image on t h e  sample and 
i s  smaller than  t h e  sample so t h a t  no r a d i a t i o n  reaches  t h e  sample edge. 
The advantage of us ing  a focused spot  smaller than t h e  sample i s  t h a t  all 
of  the r a d i a t i o n  f a l l i n g  on t h e  sample and r e f l e c t e d  from it may be used 
i n  t h e  r e f l e c t a n c e  measurement and c a l c u l a t i o n .  
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The lamp f i l amen t  and t h e  source  o p t i c s  are so  o r i e n t e d  t h a t  a 
s l i g h t l y  defocused, narrow r ibbon of  l i g h t  i s  imaged c e n t r a l l y  on t h e  c i r -  
c u l a r  s a m p l e  s u r f a c e  when t h e  i n c i d e n t  ang le  i s  normal. 

$ = o  
Normal 

$ = 72' 
G 1  anc ing  

Th i s  r ibbon image spreads  t o  a n  approximately square  image of s u i t a b l e  
s i z e  on the sample when t h e  i n c i d e n t  ang le  becomes g l anc ing  (see 
accompanying s k e t c h ) .  The i n t e n s i t y  of t he  image on t h e  sample need no t  
be evenly  d i s t r i b u t e d  o r  even have any p resc r ibed  i n t e n s i t y  d i s t r i b u t i o n  
over  t h e  f ace  o f  t h e  sample. 

The c o l l e c t o r  of r a d i a t i o n  i s  a l a r g e  housing con ta in ing  a 
wel l -def ined  square  a p e r t u r e ,  a f r o n t - s u r f a c e d  p a r a b o l o i d a l  m i r r o r ,  a 
f l a t  mi r ro r ,  two double-ground q u a r t z  ( o r  g l a s s )  d i f f u s i n g  s c r e e n s ,  any 
one of  fou r  i n t e r f e r e n c e  f i l t e r s ,  and any  one of  t h r e e  p h o t o m u l t i p l i e r s .  
The UV ( 0 . 2 ~ )  i n t e r f e r e n c e  f i l t e r  w a s  purchased a t  Thin  F i lm Products ,  
Cambridge, Massachuset ts ;  t h e  b l u e  (0 .4p) ,  red  ( 0 . 6 5 ~ ) )  and I R  ( 1 . O M )  
f i l t e r s  were purchased from Opt i c s  Technology, Pa lo  A l t o ,  C a l i f o r n i a .  
The pho tomul t ip l i e r s  are RCA Type 7200 f o r  UV,  Type 1P28 f o r  b lue  and 
r ed ,  and Type 7102 f o r  I R .  

The source  and c o l l e c t o r  o p t i c s  are coa ted  w i t h  magnesium 
f l u o r i d e  fo r  UV t o  I R  r e f l e c t a n c e .  

The c o l l e c t i o n  beam has  t h e  shape of a squa re  cone of s i z e  

4 = 18.47O 

= 18.47' 

D. MEASUREMENT ANGLES 

This  appa ra tus  permi ts  use of the cont iguous-panel  method f o r  
sampling v i r t u a l l y  a l l  t h e  r a d i a t i o n  l eav ing  t h e  specimen. 
sur rounding  the sample i s  d iv ided  i n t o  cont iguous  squa re  p a n e l s ,  each  
equa l  t o  the  s i z e  o f  t h e  c o l l e c t o r  o p t i c s  ( 1 8 . 4 7 O  x 18.47O). 
r e p r e s e n t s  success ive  l o c a t i o n s  of  t h e  c o l l e c t o r ;  t h e  arrangement  i s  
analogous t o  covering an i g l o o  w i t h  squa re  s h i n g l e s ,  each  j u s t  touching 
t h e  n e x t ,  s o  t h a t  t h e  t o t a l  area of t he  s h i n g l e s  e q u a l s  the t o t a l  s u r f a c e  
area of t h e  ig loo .  

The hemisphere 

Each panel  

The measurement procedure i s  t o  lock  t h e  i n c i d e n t  beam a t  a 
chosen inc iden t  ang le  ( @  0) and then  t o  move t h e  c o l l e c t o r  beam I, 
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s u c c e s s i v e l y  through a set of  p o s i t i o n s  (GJ F1 K ) .  
a t  each p o s i t i o n  c o n t r i b u t e s  t o  t h e  va lue  of an  o v e r - a l l  i n t e g r a l .  

The r ead ing  obta ined  

With t h i s  arrangement,  t h e  t o t a l  r a d i a t i o n  l eav ing  t h e  sample 
through t h e  hemisphere i s  determined d i r e c t l y  a s  t h e  sum of a l l  t h e  
r ead ings  a t  a l l  t h e  pane l  p o s i t i o n s .  The r e f l e c t a n c e  is  c a l c u l a t e d  by 
d i v i d i n g  t h e  sum of t h e  pane l  readings  by t h e  reading  f o r  t h e  i n c i d e n t  
beam. 

The shape of t h e  c o l l e c t o r  o p t i c s  (and t h u s  the shape of  t h e  
pane l s )  i s  square .  Near t h e  p o l a r  reg ions  of t h e  hemisphere, t h e  a r r ange -  
ment of t h e  squares  n e c e s s a r i l y  becomes d i so rde red .  T h e i r  edges  o v e r l a p  
a t  some p o i n t s  and f a i l  t o  m e e t  a t  o the r s .  The f a c t  t h a t  some small areas 
are no t  covered wh i l e  o t h e r s  are covered twice  does n o t  i n t r o d u c e  e r r o r ,  
so long as gaps and double coverages a r e ,  on t h e  average ,  e q u a l  and evenly  
d i s t r i b u t e d ;  t h a t  i s ,  t h e  zone area and t h e  t o t a l  of t h e  pane l  areas 
r e p r e s e n t i n g  it m u s t  be p r e c i s e l y  equal .  

Each reading  should be taken a t  a p a r t i c u l a r  a n g u l a r  p o i n t  on 
t h e  hemisphere. 

A s a t i s f a c t o r y  procedure i s  t o  d i v i d e  t h e  hemisphere t h a t  
sur rounds  t h e  sample i n t o  zones o f  20° width. 
c a p  de f ined  by @ =  loo. The next  zone ex tends  from @ =  loo t o  30°, t h e  
t h i r d  @ =  30° t o  50°, t h e  f o u r t h  @ = 50° t o  70°, and t h e  f i f t h ,  t h e  zone 
around t h e  hor izon ,  @ = 70° t o  90°. The c e n t e r  of each  zone and each  
pane l  i n  t h a t  zone l i e  a t  f i v e  mid-angles f o r  t h e  f i v e  zones.  The f i r s t  
zone i s  a s p e c i a l  case; i t s  c e n t e r  i s  a t  @ = Oo, t h e  pole .  
of t n e  other zoiies are at 2O0, 4noi hOo,  and 80°. 

The f i r s t  zone i s  t h e  p o l a r  

The c e n t e r s  

Each zone i s  f i l l e d  w i t h  as many pane l s  as p r e c i s e l y  f i l l ,  and 
e q u a l ,  t h e  area of t h e  zone. The number of pane ls  i n  each  zone and t h e  
c e n t e r  spac ing  between each  panel. i n  the z m e  i s  c a l c u l a t e d  by equa t ing  
t h e  product of t h e  c o l l e c t o r  s o l i d  angle  and t h e  number of pane l s  w i th  a 
second q u a n t i t y ,  t h e  s o l i d  ang le  subtended by t h e  zone, 2ll (cos  Ot - 
cos  ob ) ,  where ot i s  t h e  ang le  of the  top  bound of t h e  zone and @ b  i s  t h e  
a n g l e  of  t h e  bottom bound of t h e  zone. 

The necessa ry  number of readings  i s  reduced by a f a c t o r  of two 
by r e a d i n g  over  h a l f  a hemisphere and doubl ing  t h e  sum of t h e  readings .  
The assumption i s  made t h a t  t h e  sample i s  symmetrical about t h e  p lane  of  
i n c i d e n c e - - i . e . ,  t h a t  t h e  shape of  t h e  photometric l obe  i s  t h e  same on 
one s i d e  of  t h e  p l ane  of i nc idence  a s  on t h e  o t h e r .  T h i s  i s  a good 
assumption f o r  almost a l l  materials. 

On t h e  b a s i s  of  t h e  foregoing, readings  are t a k e n  a t  31 p o i n t s  
on a ha l f -hemisphere ,  as shown i n  the  a t t ached  t a b l e .  The number of pane l s  
i n  each  zone i s  i n d i c a t e d  as w e l l  a s  t h e  angu la r  increment between panel  
c e n t e r s  i n  each  zone. The readings  f o r  a l l  pane l s  are s u m e d  d i r e c t l y ,  
e x c e p t  t h a t  t h e  reading  from the  l a s t  pane l  (nega t ive  angle)  i n  each zone, 
which on ly  p a r t l y  l a p s  i n t o  t h e  half-hemisphere be ing  measured, i s  m u l t i p l i e d  
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0.05 

f r a c t i o n a l  cons t an t  r e p r e s e n t i n g  t h e  p o r t i o n  o f  t h e  pane l  t h a t  i s  
. For example, t h e  reading  a t  8 = 40°, 0 = - 1 3 O  i s  m u l t i p l i e d  by 
9 before  be ing  added t o  t h e  o t h e r  s i x  readings  i n  t h e  40' zone. 

A t  some of t h e  pane l  p o s i t i o n s ,  t h e  r a d i a t i o n  source  i n t e r f e r e s  
mechanical ly  w i t h  t h e  c o l l e c t o r  o p t i c s  and a r ead ing  cannot be taken .  For  
t h e s e  panel s e t t i n g  p o i n t s  t h e  r ead ing  i s  approximated by p a r a b o l i c  e x t r a -  
p o l a t i o n  from two nearby panel  r ead ings .  
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APPENDIX C 

ATMOSPHERE BAG 

A r e l a t i v e l y  pure  a rgon  atmosphere can  be ob ta ined  around a 
sample i n  fou r  p o s s i b l e  ways: a l a r g e ,  r i g id -wa l l ed  (evacuatab le)  chamber 
around t h e  e n t i r e  appa ra tus ;  a nonevacuatable bag o r  s h e l l  around t h e  
e n t i r e  appa ra tus  which i s  maintained a t  one atmosphere and i n  which t h e  
atmosphere i s  g r a d u a l l y  p u r i f i e d  by flow of  c l e a n  a rgon  through the  s h e l l ;  
a s m a l l  hemispher ica l  q u a r t z  dome around t h e  sample and r f  c o n c e n t r a t o r ;  
o r  a c o l l a p s i b l e  bag around the  e n t i r e  appa ra tus .  The l a r g e  evacua tab le  
chamber i s  t h e  most e f f i c i e n t  i n  gas  conse rva t ion  but  i s  economically out  
of t h e  ques t ion .  The s h e l l  which i s  p u r i f i e d  by g a s  flow i s  more w a s t e f u l  
of a rgon  than  t h e  o t h e r  methods and slower. The use of a q u a r t z  dome 
n e c e s s i t a t e s  r e f l e c t a n c e  measurements by t r ansmiss ion  through t h e  dome, 
a p o t e n t i a l  sou rce  of e r r o r .  The c o l l a p s i b l e  bag i s  p r a c t i c a l  f o r  our 
purposes .  

A p l a s t i c  bag about t h r e e  f e e t  i n  d i ame te r ,  i n f l a t e d ,  surrounds 
t h e  e n t i r e  appa ra tus .  It i s  s u c c e s s i v e l y  c o l l a p s e d  on to  t h e  appa ra tus  
(evacuated  w i t h  a vacuum c l e a n e r )  and r e i n f l a t e d  wi th  pure  a rgon  s e v e r a l  
t i m e s  u n t i l  t h e  d e s i r e d  p u r i t y  of atmosphere i s  achieved. 

The f i n a l  p u r i t y  can be c a l c u l a t e d .  I n  any such appa ra tus  
t h e r e  w i l l  be a minimum of r e s i d u a l  nonco l l aps ib l e  a i r  pockets  i n  t h e  
a p p a r a t u s .  The e m c e n t r a t i o n  of a i r  remaining a f t e r  s e v e r a l  c o l l a p s e s  i s  

where 

C i s  t h e  c o n c e n t r a t i o n  of a i r  i n  t h e  f i n a l  atmosphere. 

C1 i s  t h e  c o n c e n t r a t i o n  of a i r  i n  t h e  argon a f t e r  t h e  f i r s t  

n 

c o l l a p s e ,  which i s  a l s o  a measure of t h e  f r a c t i o n a l  
r e s i d u a l  a i r  pockets .  

n i s  t h e  number of co l l apses .  

Typ ica l  va lues  are C 1  = 5% r e s i d u a l  a i r  pockets  and n = 4 
s u c c e s s i v e  c o l l a p s e s .  The f i n a l  atmosphere a f t e r  f o u r  success ive  c o l l a p s e s  

a r g o n  . 
w i l l  c o n t a i n  (.05) 4 o r  approximately 1 p a r t  i n  lo5 of  a i r  and t h e  remainder 

Th i s  method and t h i s  estimate assumes good s t i r r i n g  i n  t h e  bag. 
S t i r r i n g  i s  induced by j e t t i n g  t h e  inf low of argon a t  t h e  proper p o i n t  and 
d i r e c t i o n  i n  t h e  bag. 
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APPENDIX D 

CALCULATION OF REE'LECTANCE 

A. DATA FORMAT 

A s tandard  d a t a  shee t  format i s  used f o r  a l l  experiments ,  as 
shown i n  Figure D1 .  

Figure D2 shows t h e  d a t a  from a t y p i c a l  experiment , Exp. No. 
57B. The d a t a  shee t  i s  l a i d  out  i n  a ma t r ix ,  t h e  v e r t i c a l  on the  d a t a  
shee t  r e p r e s e n t i n g  v e r t i c a l  ang le s  on t h e  coord ina te  hemisphere and 
the  h o r i z o n t a l  r e p r e s e n t i n g  ho r i zon ta l  ang le s  on t h e  hemisphere.  

The d a t a  s h e e t  con ta ins  a box f o r  each of  t he  31 s tandard  
c o l l e c t i o n  ang le  p o s i t i o n s  ( see  Table B l ) .  A s  the  equipment i s  s e t  a t  
each angle  a reading  i s  taken and recorded i n  t h e  corresponding box. 

The symbols i n  t h e  boxes have t h e  fol lowing meaning: 

V i s  s i g n a l  v o l t a g e  read  on t h e  ou tpu t  vo l tme te r  

V i s  no i se  v o l t a g e  read  on t h e  ou tpu t  vo l tme te r  

D i s  a He l ipo t  d i a l  s e t t i n g  ranging  from 90 t o  1000 

The measurement procedure a t  each angle  i s  t o  se t  the  

S 

N 

S 

He l ipo t  so t h a t  V i s  some reasonable  va lue  ( t y p i c ~ l l y  0.750 v o l t )  and 
then  record  t h e  He l ipo t  s e t t i n g .  S 

V i s  t h e  n o i s e  s i g n a l  alone when an automatic  s h u t t e r  
N obscu res  the  r a d i a t i o n  source from the sample. For co ld  r e f l e c t a n c e ,  

V i s  ze ro  and i s  cus tomar i ly  not  read.  For h o t  samples,  a t y p i c a l  
v a l u e  of V might be 0.250 v o l t .  
V i s  always read a t  t h e  same Helipot  s e t t i n g  as V 

The c a l c u l a t i o n  procedure i s  t o  d i v i d e  V 

N 

N 

N 

In  any g iven  box on t h e  d a t a  shee t  

S '  

S 

N 

by DS t o  o b t a i n  the  
"y" v a l u e  f o r  t he  box. Where no i se  i s  p r e s e n t ,  V i s  used as desc r ibed  
i n  Appendix E t o  o b t a i n  a co r rec t ed  va lue  o f  t h e  s i g n a l ,  V i ,  which i s  
t h e n  d iv ided  by D 

by a cur renf  equa l  t o  the  number of e l e c t r o n s  p e r  second i n  the  phototube 
o u t p u t ,  which i n  t u r n  i s  p ropor t iona l  t o  t h e  number of  photons p e r  second 
t h a t  are r e f l e c t e d  from t h e  sample i n t o  t h e  phototube.  Thus when t h e  
c u r r e n t s  i n  a l l  t h e  d a t a  boxes are summed, t h e y  r e p r e s e n t  a number pro-  
p o r t i o n a l  t o  t h e  t o t a l  number o f  r e f l e c t e d  photons p e r  second ( i n  a 
chosen wavelength band) leav ing  the sample i n  a l l  d i r e c t i o n s .  

S' 

V /D ( o r  V ' / D  ) has  t h e  u n i t s  o f  c u r r e n t  and i s  r ep resen ted  
S s s  
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FIGURE D 1  - FORM FOR RECORDING EXPERIMENTAL DATA (SHEET 1) 
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FIGURE D 1  - (Cont.) - FORM FOR RECORDING EXPERIMENTAL DATA (SHEET 2) 
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FIGURE D 2  - TYPICAL DATA (SHEET 1) 
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FIGURE D2 (Cont.) - TYPICAL DATA (SHEET 2) 
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4 

B. EXTRAPOLATION 

For some ang les  i t  i s  n o t  p o s s i b l e  t o  take  r ead ings  because 
of mechanical i n t e r f e r e n c e  between source and c o l l e c t o r  o p t i c s .  A t  
t hese  angles  a reading  i s  e s t ima ted  by e x t r a p o l a t i o n  on the  b a s i s  of  
nearby readings .  For example, t h e  d a t a  i n  the  two boxes ( a  = 40 , 

boxes ( @ =  40 , 8=-13  ) (0 = 40 , 8 = 16% ) ,  and ( @  = 40°, 8 = 46% ) .  

0 

0 
8 = 76') and & @  = 40°d 8 = 135k0) a r e  used 0 t o  p r e d i c t  d a t a  f o r  t he  0 

I n  some cases  the  appara tus  can be s e t  a t  more f avorab le  
angles  f o r  e x t r a p o l a t i o n  than t h e  n e a r e s t  s tandard  ang le .  I n  t h i s  
c a s e ,  a non-standard reading  i s  taken a t  t h i s  more f avorab le  angle  and 
used f o r  e x t r a p o l a t i o n  only .  

A p a r a b o l i c  e x t r a p o l a t i o n  l a w  w a s  chosen because i t  i s  s imple ,  
smooth, and has  zero  s lope  a t  8 = 0. 

y = ,e* + 13 (D1) 

where 

y i s  a reading  

6 i s  t h e  h o r i z o n t a l  angle  

a, B are c o e f f i c i e n t s  

A l l  t he  materials measured may be assumed t o  have a photo- 
m e t r i c  lobe t h a t  i s  symmetrical  about the  p lane  o f  i nc idence .  For a 
photometr ic  lobe t o  be cont inuous a t  the  p l ane  o f  i nc idence ,  i . e .  
a t  8 = 0 ,  &d a l s o  t o  be symmetrical , 

3 , 7  
Given two readings  ( f o r  example y 

7 3 YK 

I f  Eqs. (Dl) and (D2) are combined, t h e  r e s u l t i n g  e x t r a p o l a -  

a t  ang le  8 and y 
a t  ang?e 8 3 5  

3 , K '  
a t  angle  8 ) i t  i s  d e s i r e d  t o  p r e d i c t  a t h i r d  y 

t i o n  formula i s  

(D3) '3 ,K 
3 , 5  

A cons iderable  s i m p l i f i c a t i o n  i n  computat ion r e s u l t s  by us ing  
chosen f ixed  angles  ( d a t a  boxes) on which t o  base  a l l  e x t r a p o l a t i o n s  
such as 8 and €I7. Thus Eq. (D3) reduces t o  an e q u a t i o n  of t h e  form 5 
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where 

E and F a r e  numerical  cons t an t s  d i f f e r e n t  f o r  each  box 
which i s  t o  be e x t r a p o l a t e d .  

It t u r n s  out  t o  be unnecessary t o  p r e d i c t  a va lue  f o r  each 
unknown box on t h e  d a t a  s h e e t .  I f  each box w e r e  p r e d i c t e d ,  i t s  va lue  
from Eq. (D4) would be added t o  t h e  va lues  o f  i t s  ne ighbors  t o  a r r i v e  
a t  a summation f o r  t h e  31 boxes. Thus t h e  i n d i v i d u a l  p r e d i c t i o n  can 
be bypassed and c a r r i e d  ou t  i n  one s t ep  by an  equa t ion  of  t h e  form 

n 1 

where 

n i s  t h e  number of  boxes i n  t h e  zone (e .g .  , Zone 3) t h a t  
need t o  be  e x t r a p o l a t e d .  

Equation (D5) can be r e w r i t t e n  

n 

K = 1  
' '3,K =[  K = l -  E E]Y3,5 -[ K = l  F] Y 3 , 7  

o r  

n .. 
c 

1 
This  means t h a t  t h e r e  a r e  two numerical  c o e f f i c i e n t s ,  C 

and C", which, i f  m u l t i p l i e d  by y 
accomplish t h e  necessa ry  e x t r a p o l a f i o n  f o r  t h a t  zone. 
t i o n  v a l u e  y 
m u l t i p l i e d  by (1 + C ) t o  account  f o r  i t s  r e g u l a r  reading  func t ion  as 
w e l l  as i t s  e x t r a p o l a t i o n  funcf ion .  I f  y i s  a t , a  non-standard ang le ,  
t he  value y i s  m u l t i p l i e d  by C ( t h a t  i s ,  0 + C ) as i n  Eq. (D7). 

and y3,7 r e s p e c t i v e l y ,  w i l l  3 5  

JYK 4 ,K 

I f  t h e  e x t r a p o l a  
i s  af a s t anda rd  angle €IK, t h e  va lue  y must be 

I n  Figure D 1 ,  each  box upon which e x t r a p o l a t i o n  i s  based 
c o n t a i n s  a c o e f f i c i e n t .  For example a t  ($ = 40° and 8 = 76O, t h e  
c o e f f i c i e n t  i s  3.809. The va lue  of t h i s  c o e f f i c i e n t  has  been obtained 
by t h e  method of  Eq. (D7). The c o e f f i c i e n t  i s  m u l t i p l i e d  by t h e  
c a l c u l a t e d  c u r r e n t  VS/DS f o r  t h e  box, and t h e  va lue  i s  con t r ibu ted  t o  
t h e  r e f l e c t a n c e  i n t e g r a l .  
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For the  sake o f  un i formi ty  and accuracy d a t a  boxes on 
the  d a t a  shee t  c o n t a i n  a c o e f f i c i e n t  w r i t t e n  i n  the  lower l e f t  hand 
c o r n e r .  This  c o e f f i c i e n t  has  some p o s i t i v e  o r  nega t ive  va lue  (such 
as +3.809) where e x t r a p o l a t i o n  i s  involved,  1.00 where t h e  va lue  f o r  
t he  box i s  t o  be used as i s ,  and zero  where the  purpose i s  t o  a s su re  
t h a t  t h e  box not  be used. 

C. CALCULATION OF REFLECTANCE 

Ref l ec t ance ,  the  r a t i o  o f  r e f l e c t e d  t o  i n c i d e n t  r a d i a t i o n ,  i s  
obta ined  from t h i s  appara tus  i n  t h e  fol lowing form: 

31 V, 

where the  numerator i s  the  sum of the  p h o t o m u l t i p l i e r  ou tpu t  c u r r e n t s  
r ep resen t ing  a l l  t h e  pane l  readings  of  r e f l e c t e d  r a d i a t i o n ,  and t h e  
denominator i s  t h e  pho tomul t ip l i e r  ou tpu t  c u r r e n t  r e p r e s e n t i n g  t h e  
inc iden t  reading.  The f a c t o r  of two c o r r e c t s  f o r  t h e  f a c t  t h a t  on ly  
h a l f  o f  the hemisphere i s  read .  No d e t e c t o r  a p e r t u r e  s i z e  e n t e r s  E q .  
(D8) , because the  t o t a l  area of  success ive  d e t e c t o r  p o s i t i o n s  e q u a l s  
the  a r e a  of t he  hemisphere.  

Equation (D8) has been modified i n  t h r e e  ways. The t a b l e  o f  
ang le s  i n  Appendix B w a s  c a l c u l a t e d  e a r l y  i n  t h e  program on t h e  b a s i s  
o f  a c o l l e c t i n g  a p e r t u r e  of 19 x 20' ( t h e  pa rabo lo ida l  m i r r o r  a p e r t u r e ) .  
L a t e r  a more p r e c i s e l y  de f ined  a p e r t u r e  p l a t e  preceding  t h e  m i r r o r  
w a s  f e l t  necessary;  i t s  s i z e  w a s  18.47 x 18.47 . Ins t ead  o f  r e c a l c u l a t -  
ing  the  c o l l e c t i o n  a n g l e s ,  i t  w a s  s impler  and s u f f i c i e n t l y  accu ra t e  t o  
mul t ip ly  Eq. (D8) by an a p e r t u r e  f a c t o r ,  A ,  equal  t o  the r a t i o  o f  t he  
s o l i d  angles  subtended by t h e  o l d  and new a p e r t u r e s :  

0 

0 0 

= 1.1143 (19O x 20°) A =  
(18.47' x 18.47') 

Two o t h e r  changes i n  Eq. (D8) are made f o r  convenience.  A 
p a i r  o f  i nc iden t  r ead ings  are t aken ,  one b e f o r e  and one a f t e r  t h e  
r e f l e c t e d  summation, and t h e  average i n c i d e n t  reading  i s  used i n  the  
denominator of Eq. (D8). The f a c t o r  o f  two i n  averaging  may be p u t  
i n t o  Eq. (D8). 

The remaining mod i f i ca t ion  t o  Eq. (D8) c o n s i s t s  of  e n t e r i n g  
the  s i g n a l  Hel ipot  r e s i s t a n c e  va lue  (Hs = 49.12 x 103 ohms) and t h e  
i n c i d e n t  Hel ipot  r e s i s t a n c e  va lue  (H = 25.00 ohms) used throughout  t he  
program. These v a l u e s ,  combined w i t g  t h e  f a c t o r  of  2 needed t o  average 
t h e  p a i r  of  inc ident  r e a d i n g s ,  cause Eq. ( ~ 8 )  t o  assume t h e  fo l lowing  form: 
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31 
L ( c o e f f )  - -7  C 

D 
= 2.268 x loe3 

D. CALCULATION BY HAND 

For manual c a l c u l a t i o n  of the r e f l e c t a n c e ,  each b lock  o f  t h e  
d a t a  s h e e t  i s  t r e a t e d  as follows: V 
i s  m u l t i p l i e d  by t h e  c o e f f i c i e n t  wrigten i n  t h e  lower l e f t  hand co rne r  
of  the b lock .  The r e s u l t i n g  product  is c a l l e d  y.  
b locks  are summed and m u l t i p l i e d  by the t e r m  be fo re  t h e  s u m a t i o n ,  as 
shown i n  Eq. (D9), r e s u l t i n g  i n  a value o f  r e f l e c t a n c e  R$x. 
desk c a l c u l a t o r s  the  y summation can be  au tomat i ca l ly  accumulated , 
which saves  t i m e  and reduces chance of e r r o r .  

is  d iv ided  by DS, and t h e  q u o t i e n t  

The y ' s  f o r  a l l  

On many 

E. CALCULATION BY COMPUTER 

A computer program w a s  w r i t t e n  t o  c a l c u l a t e  Eq. (D9) from 
t h e  d a t a  s h e e t s .  It proved more e f f i c i e n t  t o  s t o r e  t h e  b lock  c o e f f i c i e n t s  
i n  t h e  computer memory than  t o  e n t e r  them f o r  each r e f l e c t a n c e  c a l c u l a -  
t i o n .  Each b lock  o f  t he  coord ina te  hemisphere and d a t a  s h e e t  w a s  g iven  
a two-dimensional s u b s c r i p t  (J,K) , where J and K i d e n t i f y  the  row and 
column o f  the  m a t r i x  r e s p e c t i v e l y .  

As is  apparent  from Figures  D 1  and D2, J has  i n t e g r a l  v a l u e s  
1 through 5 and K has  i n t e g r a l  va lues  1 through 12. The c o e f f i c i e n t  
a s s o c i a t e d  w i t h  each  b lock  i s  s t o r e d  by s u b s c r i p t  J, K i n  t h e  computer. 

A s i g n a l  c u r r e n t  is c a l c u l a t e d  f o r  each  b lock  m d  m u l t i p l i e d  
by i t s  corresponding c o e f f i c i e n t ;  the c u r r e n t s  are then summed and m u l t i -  
p l i e d  by t h e  terms t o  t h e  l e f t  of t h e  summation i n  Eq. (D9). 

The program w a s  w r i t t e n  fo r  use on an e l e c t r o n i c  computer v i a  
The computer i s  s i t u a t e d  a t  Bol t  Beranek and Newman, a t e l e t y p e w r i t e r .  

Inc .  , o f  Cambridge, Massachuset ts .  

D e f i n i t i o n s  o f  terms, a flow c h a r t ,  and program l i s t i n g  are 
shown i n  Table  D 1 ,  F igure  D3, and Figure D4 r e s p e c t i v e l y .  
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Laboratory 
Data Sheets  

A 

JI 

DC 

DS 

HC 

HS 

8 

R4J  

%K 

vcI + vcII 

vN 

vS 

8 

TABLE D 1  

COMPUTER PROGRAM NOMENCLATURE 

Compute r 
Program 

A 

ANG 

HC 

HS 

J 

K 

L 

M 

N 

P H I  [ J ]  

R 

S 

T CJ,KJ 
vc s 

VN CJJJ 
VS [ J ,Kl  

y [JYKI 

Designates  

Aperture  f a c t o r  

Angle o f  inc  1 i n a t  ion 

C o e f f i c i e n t  f o r  a block i n  ma t r ix  

Inc iden t  Hel ipot  d i a l  s e t t i n g  

S igna l  Hel ipot  d i a l  s e t t i n g  

Inc iden t  Hel ipot  t o t a l  r e s i s t a n c e  

S igna l  He l ipo t  t o t a l  r e s i s t a n c e  

Subsc r ip t  f o r  row o f  ma t r ix  
( i . e .  , zone) 

S u b s c r i p t  f o r  column of  m a t r i x  

Index f o r  program l o g i c  

Index f o r  program l o g i c  

Index f o r  program l o g i c  

Zone of  sphere  

R e  f l e  c t ance o f s amp1 e 

Sum of  s i g n a l  c u r r e n t s  

Angle o f  r e f l e c t i o n  

Sum of  i n c i d e n t  v o l t a g e  r ead ing  

Noise v o l t a g e  reading  

Signal  v o l t a g e  r ead ing  

Signal  c u r r e n t  
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r 1 

FIND Coefficients of Matr ix  
as Prescribed by Angle of Incidence 

READ: Signal Readings 
for  Vertical  Extrapolation 

. 
b 

( 9  = 33") TEST: Angle of Incidence ( Y f  339  I I 1 1 

READ Signal Readings f o r  Each Block of 
Next Zone ( L e o ,  20°, 40°, 60°, So") 

I 
* 

PRINT 1 

I READ. Signal Readings r- fo r  Block of 0" Zone 

I I COMPUTE: si@ Current  for  
0' Zone 

I PRINT -1 

FIGURE D3 - 

COMPUTE: Total Sum of Signal Currents 
c r PRINT + 

I READ. Incident Readings I 
4 

COMPUTE: Reflectance + 
PRINT I I 

+ 
END 

FLOW CHART FOR COMPUTER CALCULATION OF REFLECTANCE BY 
CONTIGUOUS PANEL METHOD 
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FIGURE D4 - PROGRAM LISTING 
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APPENDIX E 

DISCUSSION OF ERRORS 

Sources of e r r o r  i n  t h e s e  measurements may be c l a s s e d  as e r r o r s  
of appa ra tus  and e r r o r s  of r e s u l t s .  Two gu ides  f o r  s t a t i s t i c a l  t r ea tmen t  
of t h e  d a t a  have been Cameron's c h a p t e r  on s t a t i s t i c s  and d i s c u s s i o n  on 
t h e  d e s i g n  of experiments" and Hoel on estimates w i t h  s m a l l  samples*. 

A. SUMMARY OF ERRORS 

* 
Following Cameron , an  e s t i m a t e  of  accuracy  can be based on a 

m u l t i p l e  ( such  as 2) of t h e  s t anda rd  d e v i a t i o n  c a l c u l a t e d  from t h e  meas- 
ured d a t a  p l u s  an  estimate of o t h e r  e r r o r s  known t o  e x i s t  i n  t h e  system. 
Table  E l  shows an  o v e r - a l l  accuracy  based on estimates developed i n  l a t e r  
s e c t i o n s  of t h i s  Appendix. 

TABLE E l  

CALCULATION OF OVER-ALL ACCURACY 

Type of E r r o r  Cold Ref lec tance  

+ 10.4% 2 ( CT= 5.2%) - 
+ 2.5% - Ext rap0  l a t i o n  

Quar tz  D i f f u s e r  + 2.8% - 
+ 0.5% E l e c t r o n i c  D r i f t  - 

Random Noise a t  
2200°F 

Noise Drop-off E f f e c t  -- 

Hot Ref l ec t ance  

- + 10.4% 

+ - 2.5% 

+ - 2.8% 

- + 0.5% 

- + 2.0% 

- e 2.Vk 

+ - 16.2% + 20.2% - 
To summarize, t h e  o v e r - a l l  accuracy  i s  e s t ima ted  t o  be w i t h i n  

- + 16% f o r  co ld  r e f l e c t a n c e  o r  - + 20% f o r  ho t  r e f l e c t a n c e ,  and t h e  p r e c i s i o n  
f o r  e a c h  i s  O =  5%. 

* 
Joseph  M. Cameron, "Design of Experiments", Sec t .  12 i n  Vol. I, Chap. 2 

o f  Fundamental Formulas of  Physics,  D.  Menzel, ed , ,  New York, Dover, 1960. 

w 
Pau l  G. Hoel, I n t r o d u c t i o n  t o  Mathematical S t a t i s t i c s ,  2nd ed . ,  New York, 

Wiley, 1955, pp. 196-200. 
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B. ERRORS OF APPARATUS 

Sourcesof e r r o r  i n  t h i s  appa ra tus  may be c l a s s e d  as mechanical ,  
o p t i c a l ,  and e l e c t r o n i c .  I n  g e n e r a l ,  any i n f l u e n c e  caus ing  a cons t an t  
a r b i t r a r y  change i n  g a i n  o r  response of t h e  system i s  of  no consequence, 
because i t  a f f e c t s  i n c i d e n t  and r e f l e c t e d  readings  a l i k e ,  and only  t h e i r  
r a t i o  i s  used. If the  a r b i t r a r y  g a i n  change i n f l u e n c e s  i n c i d e n t  and 
r e f l e c t e d  readings  unequal ly ,  a n  e r r o r  i s  caused. The i n f l u e n c e  may 
o p e r a t e  unequal ly  on i n c i d e n t  and r e f l e c t e d  r ead ings  e i t h e r  d i r e c t l y  o r  
through a t i m e  v a r i a t i o n ,  s i n c e  t h e  two measurements are made a t  d i f f e r e n t  
t i m e s .  Fu r the r ,  t h i s  i n f l u e n c e  may be  b i a s e d ,  l ead ing  t o  sys t ema t i c  e r r o r s ,  
o r  random, l ead ing  t o  random e r r o r s .  A l l  known sys t ema t i c  c o r r e c t i o n s  were 
a p p l i e d ,  t o  t h e  p o i n t  t h a t  r e s i d u a l  e r r o r s  were be l i eved  t o  be random and 
wi thout  b i a s .  

1. Mechanical E r r o r s  

A l l  a s p e c t s  of t h e  a p p a r a t u s - - i t s  des ign ,  c o n s t r u c t i o n ,  i n i t i a l  
a l ignment ,  and se t -up  procedure- -cont r ibu ted  t o  h igh  accuracy .  Every p a r t  
of t h e  experiment ,  i nc lud ing  t h e  sample p o s i t i o n ,  was w i t h i n  20 m i l s  o f  
i t s  c o r r e c t  p o s i t i o n  (and o f t e n  5 m i l s )  i n  a coord ina te  hemisphere w i t h  
a n  o p e r a t i n g  r a d i u s  of 10 inches .  

During a n  experiment ,  ang le s  of  i nc idence  ($) and ang le s  of 
c o l l e c t i o n  (@,e)  were determined by p o i n t e r s  and ang le  s c a l e s  on t h e  
appa ra tus  and were set  by hand, always w i t h i n  5 degree  ( o f t e n  0 .1  degree ) .  
Angle s e t t i n g  a l s o  produced n e g l i g i b l e  e r r o r  r e l a t i v e  t o  o t h e r  e r r o r s  i n  
t h e  system. 

A n o t i c e a b l e  sou rce  of e r r o r  i s  t h e  i n t e r f e r e n c e  between source  
and c o l l e c t o r  a t  c e r t a i n  ang le s .  A t  t h e s e  a n g l e s  ( r e g i o n  o f  backward 
s c a t t e r i n g )  readings  cannot be t aken ,  and v a l u e s  are e x t r a p o l a t e d  from 
nearby readings .  Twenty-two c o l l e c t o r  p o s i t i o n s  (pane l  p o s i t i o n s )  are 
r ead ;  t h e  o t h e r  e l e v e n  must be e s t ima ted  by e x t r a p o l a t i o n .  The magnitude 
of  t h e  e x t r a p o l a t i o n  e r r o r  depends on t h e  shape o f  t h e  photometr ic  lobe 
of  t h e  sample and o n  t h e  ang le  of  i nc idence .  Consider  a sample under 
normal inc idence  and of c i r c u l a r  symmetry, s o  t h a t  t h e  photometr ic  l obe  
i s  c y l i n d r i c a l l y  symmetric about  t h e  normal t o  t h e  c e n t e r  o f  t h e  sample. 
I n  t h i s  c a s e ,  i f  one merely omi t ted  t h e  e l e v e n  e x t r a p o l a t e d  r ead ings ,  t h e  
measured r e f l e c t a n c e  would b e  approximately (33-11)/(33) o r  67% of i t s  
a c t u a l  va lue .  This  s ta tement  i nc ludes  t h e  s i m p l i f y i n g  assumption tha t  
t he  omi t ted  and inc luded  readings  have t h e  same average  v a l u e .  Now let 
u s  assume t h a t  the  e x t r a p o l a t i o n  i s  s u f f i c i e n t l y  c o r r e c t  t o  p r e d i c t  
va lues  w i t h i n  + 20% of  t h o s e  t h a t  would be  measured i f  t h e y  could be 
measured. I n  t h i s  case t h e  t r u e  r e f l e c t a n c e  w i l l  be  [67% + 33% + - (.2) 
33%] = 100 - + 6.6% of i t s  measured va lue .  

The next ref inement  i s  t o  make some assumpt ions  about  t h e  n a t u r e  
of any photometr ic  lobe: 1) t h e  sample i s  symmetric about  the p lane  of  
inc idence  ( thus  t h e  p l ane  of i nc idence ,  which s l ices  t h e  photometr ic  
hemisphere i n t o  two e q u a l  h a l v e s ,  w i l l  s l ice  t h e  photometr ic  l obe  i n t o  
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two h a l v e s ,  each  t h e  m i r r o r  image of  t h e  o t h e r ,  and any ang le  of i nc idence ,  
not n e c e s s a r i l y  normal, may be assumed); and, 2) no ab rup t  d i s c o n t i n u i t y  
i n  t h e  shape of t h e  photometric lobe  e x i s t s .  Thus t h e  s l o p e  of t h e  photo- 
m e t r i c  lobe  near 8 = 0 m u s t  approach the  same v a l u e  from e i t h e r  h a l f  of 
t h e  l o b e - - i . e . ,  from e i t h e r  s i d e  of t h e  plane of  i nc idence .  

There can be on ly  one s l o p e ,  zero,  t h a t  m e e t s  t h e s e  assumptions; 
s t a t e d  mathemat ica l ly ,  2 = 0. 

assumptions and has  z e r o  s l o p e  a t  a = 0 i s  a p a r a b o l i c  law, which i s  t h e  
one used (see Appendix D) . 

A simple f u n c t i o n  t h a t  s a t i s f i e s  t h e  
dQ 

The e r r o r  i n  p a r a b o l i c  e x t r a p o l a t i o n  depends on t h e  n a t u r e  o f  
t h e  sample. Pa rabo l i c  e x t r a p o l a t i o n  i s  comple te ly  c o r r e c t  f o r  a Lambert 's  
( d i f f u s e )  r e f l e c t o r ,  i n  which 9 = 0 a t  a l l  p o i n t s  on t h e  photometric lobe .  

We f i n d  t h a t  MgO i s  v e r y  c l o s e  t o  a Lambert 's s u r f a c e .  
q u i t e  s i m i l a r  t o  a Lambert 's  s u r f a c e ,  as  f a r  a s  backward e x t r a p o l a t i o n  i s  
concerned, because t h e y  a c t  l i k e  a d i f f u s e  material having  an  a d d i t i o n a l  
s p e c u l a r  component a s  w e l l  as a ve ry  s l i g h t  b a c k - s c a t t e r i n g  component. 
The forward s p e c u l a r  lobe  i s  o u t  of t h e  r e g i o n  on which back e x t r a p o l a t i o n  
i s  based and, t h e r e f o r e ,  does not  i n f l u e n c e  t h e  e x t r a p o l a t i o n .  The 
remaining component of r e f l e c t i o n  i s  s u b s t a n t i a l l y  d i f f u s e ,  f o r  which t h e  
e x t r a p o l a t i o n  i s  c o r r e c t .  

dQ 
The c h a r s  a l s o  are 

An estimate of t h e  e x t r a p o l a t i o n  e r r o r s  of t h e s e  tests would 
be: c h a r s  a t  nea r  normal inc idence  ( (1 = 33O) and MgO approximate ly  
+ - 0%; f o r  c h a r s  a t  o t h e r  i n c i d e n t  ang le s  ( $ = 450, 60°, 72O) and f o r  
p y r o l y t i c  g r a p h i t e  a t  all Incident angles  ( $ = 330, 4 5 O ,  600, 72O), 
e r r o r  i s  i n  t h e  range of + 2.5% and random i n  the sense  c h a i  iio bias car? 
be a s c r i b e d  on t h e  b a s i s  of previous  knowledge. 

2 .  O p t i c a l  E r r o r s  

The s i z e  of t h e  c o l l e c t i n g  a p e r t u r e  (that i s ,  t h e  pane l  s i z e )  
and t h e  a b i l i t y  o f  the f r o n t - s u r f a c e d  m i r r o r s  t o  c o l l e c t  and t r a n s m i t  
r a d i a t i o n  t o  t h e  p h o t o c e l l  are w e l l  known and uniform t o  t h e  e x t e n t  t h a t  
t hey  g i v e  rise t o  n e g l i g i b l e  e r r o r s .  
c o l l e c t s  a l l  of t h e  i n c i d e n t  cone of 9 .5O x 9 . 9 O  w i t h  no l o s s .  

The c o l l e c t o r  cone of 18.47O x 18.47O 

The one s u b s t a n t i a l  o p t i c a l  e r r o r  i n  t h e  system i s  due t o  a 
poor ly  f u n c t i o n i n g  d i f f u s i n g  sc reen .  Rad ia t ion  passes  through t h e  
c o l l e c t o r  a p e r t u r e  and o n t o  a f ron t - su r faced  e l l i p s o i d ,  which focuses  a n  
approximate ly  one-to-one s i z e  image of t h e  sample on to  a d i f f u s i n g  screen .  
The purpose o f  t h e  d i f f u s i n g  s c r e e n  i s  t o  thoroughly mix r a d i a t i o n ,  bo th  
w i t h  r e s p e c t  t o  t h e  a n g l e  of a r r i v a l  th rough t h e  c o l l e c t o r  a p e r t u r e  and 
w i t h  r e s p e c t  t o  t h e  shape of t h e  sample  image. The i n t e n t  i s  t h a t  a 
p h o t o m u l t i p l i e r  three inches  behind t h e  d i f f u s e r  s c r e e n  g ives  a r ead ing  
p r o p o r t i o n a l  t o  t h e  f l u x  a t  t h e  d i f f u s e r  s c r e e n  and independent of  ang le  
and p o s i t i o n .  I n  the v i s i b l e  b l u e  and r ed ,  opa l  g l a s s  and/or  a combination 
o f  t h r e e  l a y e r s  of ground g l a s s  and white bond paper prove t o  be e x c e l l e n t  
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d i f f u s e r s .  
a c r o s s  t h e  c o l l e c t i n g  a p e r t u r e .  

The ou tpu t  s i g n a l  shows no change as a narrow beam i s  scanned 

When UV runs  were begun, q u a r t z  d i f f u s e r s  were i n s t a l l e d  f o r  a l l  
readings--UV, b lue ,  red ,  and IR-- in  t h e  i n t e r e s t s  of un i formi ty .  Much of 
t h e  e a r l y  d a t a  on b l u e  and red w a s  t aken  w i t h  a g l a s s  and paper  d i f f u s e r ,  
bu t  a l l  the l a t e r  readings  were obta ined  wi th  a q u a r t z  d i f f u s e r .  

The  q u a r t z  w a s  a poor d i f f u s e r ,  no matter how i t s  s u r f a c e  was 
ground o r  sandblasted and d e s p i t e  t h e  f a c t  t h a t  f o u r  s andb las t ed  s u r f a c e s  
were used (two spaced s h e e t s  ground on both  s i d e s ) .  

Following experiments  w i t h  va r ious  q u a r t z  ground s u r f a c e s  and 
geometr ies ,  i t  was decided t o  accep t  t h e  poor  d i f f u s i n g  q u a l i t i e s ,  t o  
c h a r a c t e r i z e  t h e  d i f f u s e r  by measurements, and t o  t a k e  t h e  c h a r a c t e r  of 
the  d i f f u s e r  i n t o  account  i n  de te rmining  r e f l e c t a n c e s .  

The c h a r a c t e r i s t i c  of t h e  q u a r t z  d i f f u s e r ,  as w i t h  any poor 
d i f f u s e r ,  i s  t h a t  i t  passes  a s u b s t a n t i a l  forward lobe  s imilar  t o  o r d i n a r y  
t r ansmiss ion  b u t  cons ide rab ly  broadened. The e f f e c t  i n  t h e  appa ra tus  i s  
t o  make t h e  s e n s i t i v i t y  a c r o s s  t h e  c o l l e c t i n g  a p e r t u r e  h ighe r  i n  t h e  c e n t r a l  
r eg ions  and lower toward t h e  edges.  Th i s  n o n - f l a t  response  f a v o r s  a narrow 
beam such as t h e  9.5 x 9.9 i n c i d e n t  beam ove r  a more b road ly  c o l l e c t e d  beam 
such as t h e  sample r e f l e c t e d  r a d i a t i o n  (18.47O x 18.47O). 

With q u a r t z  d i f f u s e r s  i n  p l a c e ,  t h e  response  a c r o s s  the c o l l e c t i o n  
a p e r t u r e  was c a r e f u l l y  measured us ing  a narrow test beam ( 1 . 3 O  f o r  t h e  
v i s i b l e  2.2O f o r  the W) f o r  UV, b l u e ,  and red .  I R  was not  t e s t e d .  The 
c o l l e c t o r  a p e r t u r e  was broken i n t o  t e n  zones,  and t h e  area of  each  zone 
w a s  m u l t i p l i e d  by t h e  s e n s i t i v i t y  r e p r e s e n t a t i o n  of  t h a t  zone. The pro-  
d u c t s  were numerical ly  i n t e g r a t e d  t o  g i v e  an  o v e r - a l l  response  f o r  t h e  
aperture".  
middle of t h e  a p e r t u r e  equa l  t o  t h e  i n c i d e n t  beam s i z e .  The r a t i o  of  t h e  
two summations, each  normalized f o r  i t s  area,  gave a f a c t o r ,  K , r e p r e s e n t -  
i n g  t h e  performance of the d i f f u s e r .  (K = 100% f o r  a p e r f e c t  d i f f u s e r  
and 80%-90% €or  a poor d i f f u s e r . )  The K v a l u e  was s l i g h t l y  d i f f e r e n t  
f o r  each wavelength. A t  t h e  W, i t  w a s  87.0%; a t  t h e  b l u e ,  84.7%; a t  
the r e d ,  82.7%. The p l o t  o f  t h e  K v a l u e  f o r  W ,  b lue ,  and red  was 
e x t r a p o l a t e d  to  determine t h e  I R  va lue  (81.5%). 

The process  was then  repea ted  f o r  a smaller r e g i o n  i n  t h e  

Each r e f l e c t a n c e  t aken  from t h e  d a t a  s h e e t s  f o r  runs  i n  which 
t h e  q u a r t z  d i f f u s e r s  were used were d iv ided  by t h e  a p p r o p r i a t e  K v a l u e  t o  
r e s t o r e  t h e  r e f l e c t a n c e  t o  t h e  va lue  which would have been ob ta ined  w i t h  
a p e r f e c t  d i f f u s e r  such as opa l  o r  paper .  

* 
The i n t e g r a t i o n  was performed f o r  a c i r c l e  of e q u i v a l e n t  area t o  

t h e  squa re  a p e r t u r e ,  a s imple r  and s u f f i c i e n t l y  a c c u r a t e  procedure.  
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The e r r o r  in t roduced  by t h e  procedure of  c o r r e c t i n g  f o r  a poor 
d i f f u s e r  may be e s t ima ted .  The e r r o r  i n  measured r e f l e c t a n c e ,  i f  no 
d i f f u s e r  c o r r e c t i o n  i s  a p p l i e d  a t  a l l ,  i s  o f  t h e  o r d e r  of  20%. When,the 
K c o r r e c t i o n  i s  made, t h e  e r r o r  c e n t e r s  around z e r o ,  bu t  a random e r r o r  
remains. Th i s  e r r o r  depends on how a c c u r a t e l y  t h e  q u a r t z  d i f f u s e r  c o r r e c -  
t i o n  v a l u e s  were determined and app l i ed .  A r easonab le  estimate i s  t h a t  
t h e  drop from 1.00, i .e . ,  (1 - K ) ,  w a s  measured t o  w i t h i n  a n  accuracy of 
- + 15%. 
1.00 + 2,8%),  o r  + - 2.8%. 

Then t h e  r e s u l t i n g  random e r r o r  i s  (0.815 + 0.185 + - 15% of (0.185) = 

- 
3 .  E l e c t r o n i c  E r r o r s  

Various tests were performed t o  de te rmine  how much e r r o r  t h e  
e l e c t r i c a l  and e l e c t r o n i c  system could be  expected t o  cause  i n  t h e  
r e f l e c t a n c e  va lues .  Sources of e r r o r  are:  g a i n  d r i f t s  v e r s u s  t i m e ,  and 
n o n - l i n e a r i t y  i n  t h i s  d r i f t ;  g a i n  changes v e r s u s  s i g n a l  l e v e l ,  i . e . ,  non- 
l i n e a r i t y ;  and s e v e r a l  random sources  which can  be c l a s s e d  as no i se .  

I n  t h e  d r i f t - v e r s u s - t i m e  tes ts ,  t h e  f i r s t  tests w e r e  t o  assess 
d r i f t s  i n  the  sou rce  lamp and pho tomul t ip l i e r s .  All a m p l i f i e r s  w e r e  
t u rned  on and l e f t  on f o r  t h r e e  hour s ,  so t h a t  s t e a d y  g a i n  could be 
assumed. Then, w i t h  t h e  source  beam aimed d i r e c t l y  i n t o  t h e  d e t e c t o r ,  
t h e  sou rce  lamp (wi th  p h o t o m u l t i p l i e r  on) w a s  tu rned  on and o f f  and t h e  
o u t p u t  w a s  p l o t t e d  v e r s u s  t i m e .  The procedure w a s  t hen  repea ted  w i t h  t h e  
sou rce  lamp on and t h e  pho tomul t ip l i e r  t u rned  on and o f f .  When t h e  lamp 
was tu rned  on ,  t h e r e  w a s  a downward d r i f t  of s i g n a l  of 3% p e r  hour caused 
by lamp and a m p l i f i e r s  t o g e t h e r .  The p h o t o m g l t i p l i e r  e x h i b i t e d  n e g l i g i b l e  
d r i f t  a f t e r  tu rn-on  ( i .e. ,  not  d i f f e r e n t  from 3%). 

The d r i f t  o f  t h e  whole system was t e s t e d  i n  t h e  same way. After 
a n i g h t ' s  shut-down, a l l  components--lamp, chopper,  p h o t o m u l t i p l i e r ,  and 
a m p l i f i e r s ,  i n c l u d i n g  ou tpu t  i n t e g r a t i o n  c i r c u i t  and m e t e r - - w e r e  t u rned  on 
a t  t h e  s a m e  t i m e  ( t  = 0) i n  t h e  morning, and t h e  ou tpu t  s i g n a l  w a s  p l o t t e d  
a g a i n s t  t i m e .  

The ou tpu t  showed an i n i t i a l  4% drop  du r ing  t h e  f i r s t  15 minutes 
(16% p e r  hour) and then  s e t t l e d  o u t  to  a s t e a d y  d r i f t  downward of 7.2% 
p e r  hour  f o r  t h e  f i r s t  hour.  D r i f t  dur ing  t h e  t h i r d  hour was 3%, as 
mentioned above. 

S ince ,  i n  a r e f l e c t a n c e  r u n ,  t h e  i n c i d e n t  beam i s  read once 
b e f o r e  and once a f t e r  t h e  r e f l e c t e d  r ead ings  and averaged ,  l i n e a r  d r i f t s  
i n  t h e  appa ra tus  cance l .  The on ly  s i g n i f i c a n t  cause  of e r r o r  i s  t h e  non- 
l i n e a r i t y  of d r i f t  w i t h  time. 
t h i s  n o n - l i n e a r i t y  w a s  found t o  be  - + 0.42% ~2 0.5% maximum f o r  t h e  f i r s t  
hour and s t e a d i l y  less t h e r e a f t e r .  

For the o v e r - a l l  t i m e  d r i f t  mentioned above, 

A s u b t l e r  p o t e n t i a l  form of e r r o r  i s  caused by d r i f t  of g a i n  
w i t h  t i m e .  A cold  r e f l e c t a n c e  run  t akes  one-half  hour ,  a ho t  run about 
one hour ;  i f  t h e  sequence of readings and t h e  shape of t h e  photometric 
lobe  o f  t h e  sample were such t h a t  a l l  t h e  impor tan t  ( h i g h - i n t e n s i t y )  
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readings  were taken e a r l y  o r  l a t e  i n  t h e  run,  t h e  measured r e f l e c t a n c e  
would be correspondingly t o o  h igh  o r  t o o  low by a small percentage .  
p o t e n t i a l  e r r o r  can  be reduced t o  a n e g l i g i b l e  l e v e l  by s t a g g e r i n g  t h e  
sequence of readings .  
(@ = 90° - 70°) and r ead ing  from 8 = 0' t o  e =  180'. 
(0 = 70° - 50') i s  read  from 8 = 180' t o  8 = O o ,  and so on. 

T h i s  

The f i v e  zones are read  s t a r t i n g  a t  t h e  bottom zone 
The next  zone up 

Gain changes ve r sus  s i g n a l  l e v e l  f o r  many types  of s i g n a l  
measuring equipment can  be  cons idered  t o  be a p o t e n t i a l  sou rce  of t r o u b l e ,  
p a r t i c u l a r l y  i n  equipment such as t h i s ,  i n  which t h e  s t r o n g e s t  r a d i a t i o n  
r ead ing  ( inc iden t )  i s  some 2000 t i m e s  a s  s t r o n g  as t h e  weakest reading  
(g l anc ing  c o l l e c t i o n  a t  near-normal inc idence) .  A Hel ipo t  normal iz ing  
scheme w a s  used,  A H e l i p o t ,  o p e r a t i n g  d i r e c t l y  on t h e  ou tpu t  of t h e  
p h o t o m u l t i p l i e r  t ube ,  w a s  a d j u s t e d  a t  each  r ead ing  so t h a t  t h e  s i g n a l  
v o l t a g e  pass ing  through t h e  a m p l i f i e r s  and read on t h e  ou tpu t  meter was 
approximately a t  a cons t an t  l e v e l  f o r  a l l  i n c i d e n t  and r e f l e c t e d  r ead ings .  
Th i s  l e v e l  was chosen t o  be a s u i t a b l e  moderate and l i n e a r  s i g n a l  l e v e l  
f o r  a l l  t h e  a m p l i f i e r s  and f o r  t h e  output  meter. I n  p r a c t i c e ,  f o r  a new 
sample of d i f f e r e n t  r e f l e c t a n c e  than  a previous  s a m p l e  (e .g . ,  cha r  fol lowed 
by MgO), the  a m p l i f i e r  g a i n s  were reset t o  a g a i n  achieve  t h e  same moderate 
o p e r a t i n g  s i g n a l  l e v e l .  To span t h e  range o f  2000, two H e l i p o t s  were 
used,  one (25 ohms) s u i t a b l e  f o r  t h e  i n c i d e n t  beam, and one ( 4 9 . 1 2 K )  
s u i t a b l e  f o r  the r e f l e c t e d  r ead ings .  When two s e p a r a t e  H e l i p o t s  are used, 
t h e  r a t i o  of the i r  i n d i v i d u a l  r e s i s t a n c e s  e n t e r s  t h e  e q u a t i o n  f o r  t h e  
c a l c u l a t i o n  of r e f l e c t a n c e .  T h e i r  r e s i s t a n c e s  were measured t o  b e t t e r  
t han  + - 0.1% and a r e  shown i n  Eq. ( D 9 ) ,  Appendix D. 

The burden of  t h e  constancy of g a i n  v e r s u s  s i g n a l  s t r e n g t h  i n  
t h i s  appara tus  f a l l s  on t h e  d e t e c t o r .  
p roper  l i n e a r  ( o r  no i se )  o p e r a t i o n  over  a dynamic range  o f  2000 t o  1, bu t  
a pho tomul t ip l i e r  i s  i n  f a c t  l i n e a r  over  a f a r  g r e a t e r  range .  The only  
p o t e n t i a l  cause of n o n - l i n e a r i t y  i s  dynode loading  when dynode v o l t a g e  
d i v i d i n g  r e s i s t o r s  are used. Loading causes  dynode p o t e n t i a l  changes 
w i t h  s i g n a l  l e v e l .  By connec t ing  tapped s t r i n g s  of b a t t e r i e s  d i r e c t l y  
t o  t h e  dynodes and by keeping t h e  only  r e s i s t o r  ( t he  anode load r e s i s t o r )  
l o w ,  50K, a very l i n e a r  p h o t o m u l t i p l i e r  response  can  be maintained.  Each 
inpu t  photon gene ra t e s  approximately lo4 o u t p u t  e l e c t r o n s  a t  t h e  anode, 
v i r t u a l l y  independent ly  of how many photons are rece ived .  There i s  no 
lower l i m i t  t o  t h e  l i n e a r  range .  The upper  l i m i t  i s  c h a r a c t e r i z e d  by 
c u r r e n t - s a t u r a t i o n  e f f e c t s  ( e l e c t r o n  m u l t i p l i e r  r a t i o  changes) a t  the 
anode and h igher -cur ren t  dynodes,  a l i m i t  tha t  was avoided.  E r r o r s  due 
t o  change o f  g a i n  w i t h  s i g n a l  level  are a p p a r e n t l y  n e g l i g i b l e .  

Most d e t e c t o r s  are  n o t  capab le  of 

Severa l  sources  of random n o i s e  are i d e n t i f i e d  i n  t h e  fo l lowing  
paragraphs ;  with one except ion ,  an  estimate o f  t h e i r  e f f e c t  i s  b e s t  
ob ta ined  from the sca t te r  i n  t h e  measured r e f l e c t a n c e  p o i n t s .  

The most important  random e r r o r  occurs d u r i n g  ho t  sample 
measurements. The s a m p l e  emits r a d i a t i o n ;  m o s t  of t h i s  i s  s t e a d y ,  b u t  
a small component i s  random. 
i s  conta ined  i n  t h e  s i g n a l  f requency band a t  150 CPS. 

I n  t u r n ,  a component o f  t h i s  random s i g n a l  
AS the sample 
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becomes h o t t e r ,  more no i se  a t  150 cps i s  emi t t ed  u n t i l  t h e  150-cps r e f l e c t e d  
s i g n a l  i s  exceeded and r e f l e c t a n c e  measurement becomes imposs ib le .  The 
maximum tempera ture  a t  which i t  was found p r a c t i c a l  t o  make measurements 
on cha r s  f o r  a l l  f o u r  wavelengths w a s  2200°F. 

0 Randomness a t  2200 F shows up a s  a randomness i n  ou tpu t  meter 
I 

I by a 6-second i n t e g r a t i o n  c i r c u i t .  The random v a r i a t i o n  i n  each meter 
r ead ing ,  d e s p i t e  t h e  f a c t  that  t h e  reading i s  a l r e a d y  cons ide rab ly  smoothed 

' reading  i s  a t  most + 10%. The approximate e f f e c t i v e  randomness of a 
composite reading  mxde up of  22 independent,  randomly va ry ing  r ead ings  
i s  + 10%/fl2 = + 2% w i t h  no a p p r e c i a b l e  sys t ema t i c  e r r o r  i n  t h e  meter 
reaxing  process: 

One myster ious  e l e c t r o n i c  source  of e r r o r  a s s o c i a t e d  w i t h  h igh-  
tempera ture  measurements w a s  c h a r a c t e r i z e d  and removed from t h e  c a l c u l a -  
t i o n s ,  b u t  i t s  cause  i s  s t i l l  unknown. The c i r c u i t s  normally perform t h e  
fo l lowing  func t ions :  r e j e c t  dc ,  s e l e c t i v e l y  ampl i fy  150-cps ac ( t h e  
s i g n a l )  d e t e c t  ( r e c t i f y )  t h e  s i g n a l ,  i n t e g r a t e  t h e  r e s u l t i n g  d c ,  and 
i n d i c a t e  t h e  dc s i g n a l  on a d c  vol tmeter .  The unexplained e f f e c t  i s  
t h i s :  as n o i s e  c o n t a i n i n g  a component a t  t h e  s i g n a l  frequency i s  pro- 
g r e s s i v e l y  in t roduced ,  e i t h e r  due t o  hea t ing  t h e  sample o r  a r t i f i c i a l l y ,  
t h e  r e f l e c t a n c e  s i g n a l  i s  unexpectedly reduced. The more t h e  n o i s e ,  t h e  
lower t h e  s i g n a l ,  u n t i l  a t  a s igna l -p lus -no i se  t o  n o i s e  r a t i o  of 5.5 t o  1 
t h e  s i g n a l  p l u s  n o i s e  d rops  t o  81% of i t s  n o i s e - f r e e  va lue .  The S + N 
v a l u e  t h e n  s t a y s  a t  81% u n t i l  t h e  no i se  has  been inc reased  t o  an  S + N / N  
v a l u e  of  2.5,  a t  which p o i n t  t h e  S + N beg ins  t o  i n c r e a s e  w i t h  f u r t h e r  
a d d i t i o n  of no i se .  The i n i t i a l  d rop  i n  S + N w i t h  i n c r e a s i n g  N i s  unex- 
i;laizedi The later i n c r e a s e  of S + N w i t h  i n c r e a s i n g  N fo l lows  expec ted  
behavior .  

I 

S t u d i e s  of t h i s  e f f e c t  showed t h a t  i t  i s  q u i t e  r ep roduc ib le .  
T e s t s  w e r e  made w i t h  two a d j a c e n t  samples ,  one h o t  and one co ld .  The beam 
w a s  d i v e r t e d  t o  t h e  co ld  sample t o  remove any q u e s t i o n  of sample  change. 
The e f f e c t  can  be  reproduced wi th  a cold sample and a r t i f i c i a l  e l e c t r i c a l  
n o i s e  i n j e c t e d  a t  t h e  pho tomul t ip l i e r  load r e s i s t o r .  The r e c t i f i e r ,  
i n t e g r a t o r ,  and meter c i r c u i t  are not a t  f a u l t .  Output waveforms are a s  
expec ted ,  and no n o t i c e a b l e  b i a s i n g  occurs.  I n  several tests t h e  c i r -  
c u i t s  w e r e  d e l i b e r a t e l y  worsened by degrees ;  one, f o r  example, s imula ted  
an imper fec t  i n t e g r a t o r .  These tests a l l  showed t h e  expected e f f e c t s  and 
f a i l e d  t o  shed any l i g h t  on t h e  cause of the e f f e c t  be ing  i n v e s t i g a t e d .  
No s t u d i e s  have been made of e f f e c t s  i n s i d e  t h e  t h r e e  commercial a m p l i f i e r s  
used i n  t h e  c i r c u i t .  

S ince  t h e  e f f e c t  w a s  q u i t e  r ep roduc ib le ,  i t  w a s  c a r e f u l l y  
c h a r a c t e r i z e d  by f eed ing  a f i x e d  s i g n a l  p l u s  p r o g r e s s i v e l y  i n c r e a s i n g  
n o i s e  i n t o  t h e  system, p l o t t i n g  t h e  r e s u l t ,  and drawing up a c o r r e c t i o n  
t a b l e .  For a l l  h igh- tempera ture  readings ,  n o i s e  a lone  w a s  read ( i n c i d e n t  
beam o f f )  and recorded  as w e l l  as s i g n a l  p l u s  n o i s e ;  bo th  were read i n t o  
t h e  t a b l e ,  and a c o r r e c t e d  "s igna l"  v a l u e  w a s  read o u t .  
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The p r i n c i p l e  e r r o r  caused by t h i s  c o r r e c t i o n  procedure  i s  due 
t o  whatever lack  of p r e c i s i o n  may e x i s t  i n  t h e  n o i s e  r e a d i n g s  o r  i n  t h e  
n o i s e  c o r r e c t i o n  t a b l e .  The e r r o r  i n  t h e  a p p l i c a t i o n  of t h e  c o r r e c t i o n  
procedure appears  t o  be random and t o  have a v a l u e  of f 2%. 

The n o i s e  c o r r e c t i o n  procedure has  been checked i n  one I R  
r e f l e c t a n c e  run  i n  which t h e  7102 p h o t o m u l t i p l i e r  was i n s u f f i c i e n t l y  
cooled .  N o r m a l l y  i n  h igh- tempera ture  readings  t h e  i n c i d e n t  reading  con- 
t a i n s  n e g l i g i b l e  no i se ,  wh i l e  t h e  r e f l e c t e d  r ead ings  do c o n t a i n  n o i s e ,  
t h e  l eve l  of which s e r v e s  as t h e  b a s i s  f o r  c o r r e c t i o n  of t h e  r ead ing .  I n  
t h i s  p a r t i c u l a r  I R  run ,  however, t h e  n o i s e  w a s  genera ted  i n  t h e  tube  ; it 
t h e r e f o r e  appeared i n  both  t h e  i n c i d e n t  and r e f l e c t e d  r ead ings  and could  
be expected i d e a l l y  t o  have reduced both  by t h e  same f a c t o r .  A s  usua l  i n  
t h e  h igh- tempera ture  r e a d i n g s ,  s i g n a l - p l u s - n o i s e  (V,) and no i se -a lone  (VN) 
r ead ings  were taken  d u r i n g  t h e  r e f l e c t a n c e  run. Re f l ec t ance  t h e n  w a s  c a l -  
c u l a t e d  i n  two ways: l) ignor ing  n o i s e  (on t h e  b a s i s  of Vs only) and 
2) us ing  the  n o i s e  c o r r e c t i o n  procedure (wi th  Vs c o r r e c t e d  on t h e  b a s i s  
of VN).  
t h e  d i f f e r e n c e  of less t h a n  1% showed t h a t  t h e  n o i s e  c o r r e c t i o n  performed 
w i t h i n  t h i s  range of accuracy .  

* 

The two methods showed good agreement (R331R = .07287 and .07224); 

The randomness i n  r ead ing  t h e  ou tpu t  meter f o r  cold-sample 
r e f l e c t a n c e s  w a s  n e g l i g i b l e .  Likewise,  t h e  randomness i n  s e t t i n g  t h e  
He l ipo t  po ten t iometer  w a s  n e g l i g i b l e  f o r  bo th  hot  and c o l d  runs .  Each 
was t y p i c a l l y  less than  y7 p e r  r ead ing ;  when t h e  ave rag ing  e f f e c t  of 
t a k i n g  22 readings  was a p p l i e d ,  e r r o r s  were i n s i g n i f i c a n t .  

Two problems w i t h  components i n t roduced  random e r r o r s  i n  t h e  
ear l ier  d a t a  runs .  Each was random, a f f e c t i n g  b o t h  i n c i d e n t  and r e f l e c t e d  
r e a d i n g s ,  and i s  b e s t  eva lua ted  i n  terms of t h e  scat ter  i n  t h e  r e f l e c t a n c e  
d a t a  i t s e l f .  I n  t h e  f i r s t  c a s e ,  p h o t o m u l t i p l i e r  b a t t e r y  f l u c t u a t i o n s  
developed; t h e s e  were t r a c e d  t o  t h e  unloaded b a t t e r i e s  t h a t  f ed  on ly  t h e  
lower c u r r e n t  dynodes. Some 1 . 5 - v o l t  c e l l s  i n  each  45 -vo l t  pack developed 
r eve r sed  p o l a r i t i e s  and, i n  some c a s e s ,  i nde te rmina te  and f l u c t u a t i n g  
p o l a r i t i e s .  A new set of b a t t e r i e s  were i n s t a l l e d ,  and a l i g h t  r e s i s t i v e  
load f o r  a l l  bat ter ies  was p laced  i n  para l le l  wi th  t h e  p h o t o m u l t i p l i e r .  
T h i s  a c t i o n  e l imina ted  t h e  problem. 

The second problem w a s  caused by a l a r g e - v a l u e ,  government- 
s u r p l u s  c a p a c i t o r  which w e  used f o r  s i g n a l  i n t e g r a t i o n .  We thought  t h i s  
t o  be a ba th tub  type ,  bu t  it w a s  a c t u a l l y  an  unmarked e l e c t r o l y t i c .  The 
leakage  had the  e f f e c t  of a r e s i s t i v e  shunt  t o  t h e  ou tpu t  meter o f  unknown 
v a l u e ,  which i n  t u r n  caused an  unknown change i n  t h e  g a i n  of  t h e  system. 
Such a change i s  of no consequence i f  i t  s t a y s  c o n s t a n t ,  s i n c e  i t  would 
a f f e c t  i n c i d e n t  and r e f l e c t e d  r e a d i n g s  by t h e  same f a c t o r .  E r r o r  arises,  
however, i f  t h i s  unknown r e s i s t a n c e  has  a component t h a t  var ies  randomly 
w i t h  t i m e ;  such a v a r i a t i o n  between i n c i d e n t  and r e f l e c t e d  r e a d i n g s  

* 
Shot n o i s e  r e l a t e d  t o  c u r r e n t  f low. Dark-cur ren t  n o i s e  w a s  never 

approached i n  any of our exper iments  and w a s  n o t  a n o i s e  f a c t o r .  
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i n t roduces  a random v a r i a t i o n  i n  measured r e f l e c t a n c e  t h a t  i s  e q u a l l y  
l i k e l y  t o  b e  t o o  h igh  as t o o  low. The e r r o r  i s  b e s t  e s t ima ted  i n  t e r m s  
of scatter of  measured r e f l e c t a n c e  values .  

C ERROR OF RESULTS 

Many r e f l e c t a n c e  r ead ings  were taken  a t  d i f f e r e n t  ang le s ,  a t  
d i f f e r e n t  wavelengths ,  and on d i f f e r e n t  materials; y e t  i t  w a s  obvious 
t h a t  t h e  s a m e  gene ra l  l e v e l  of v a r i a b i l i t y  appeared t o  c h a r a c t e r i z e  a l l  
of t h e s e  readings .  

A recognized procedure f o r  e s t i m a t i n g  t h e  v a r i a n c e  ( o r  s t anda rd  
d e v i a t i o n )  among many s m a l l  sets of d a t a  i n  which parameters  va ry  s l i g h t l y  
from one set t o  t h e  next  i s  t o  estimate a v a r i a n c e  f o r  each set wi th  
respect t o  t h e  mean of t h e  se t ,  normalize each t o  a percentage  va r i ance ,  
average  these percentage  v a r i a n c e s ,  and f i n a l l y  t a k e  t h e  square  r o o t  of 
t h e  average  v a r i a n c e  t o  o b t a i n  an  estimate of t h e  s tandard  d e v i a t i o n  of 
t h e  popu la t ion  from which t h e  sets were drawn. 

The sets are ve ry  small, from 1 t o  5 r e f l e c t a n c e  d a t a  p o i n t s .  
References (2) and (3) p o i n t  out  t h a t  t h e  usua l  s t anda rd  d e v i a t i o n  formula 
i n t r o d u c e s  a b i a s  f o r  s m a l l  d a t a  sets and t h a t  t o  o b t a i n  an unbiased es t i -  
m a t e  of  popu la t ion  va r i ance  t h e  fol lowing form should be used (Reference 
3, p. 198): 

2 n s2 CY = -  
set n-1 

where 

2 S i s  t h e  set var iance .  

n i s  t h e  number of d a t a  po in t s  i n  t h e  set. 

o2 i s  t h e  unbiased estimate of v a r i a n c e  of t h e  popula t ion ,  
i .e.,  t h e  v a r i a n c e  t h a t  would be expected from a 
l a r g e  set. 

When t h e  methods previous ly  desc r ibed  are app l i ed  t o  t h e  d a t a  
measured i n  t h i s  program, t h e  r e s u l t i n g  o v e r - a l l  percentage  s tandard  
d e v i a t i o n  c h a r a c t e r i s t i c  of t h e  method i s  

CJ = 5.2% 
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